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SUMMARY Viruses of the subfamily Orthoretrovirinae are defined by the ability to
reverse transcribe an RNA genome into DNA that integrates into the host cell ge-
nome during the intracellular virus life cycle. Exogenous retroviruses (XRVs) are hori-
zontally transmitted between host individuals, with disease outcome depending on
interactions between the retrovirus and the host organism. When retroviruses infect
germ line cells of the host, they may become endogenous retroviruses (ERVs), which
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are permanent elements in the host germ line that are subject to vertical transmis-
sion. These ERVs sometimes remain infectious and can themselves give rise to XRVs.
This review integrates recent developments in the phylogenetic classification of ret-
roviruses and the identification of retroviral receptors to elucidate the origins and
evolution of XRVs and ERVs. We consider whether ERVs may recurrently pressure
XRVs to shift receptor usage to sidestep ERV interference. We discuss how related
retroviruses undergo alternative fates in different host lineages after endogenization,
with koala retrovirus (KoRV) receiving notable interest as a recent invader of its
host germ line. KoRV is heritable but also infectious, which provides insights into
the early stages of germ line invasions as well as XRV generation from ERVs. The re-
lationship of KoRV to primate and other retroviruses is placed in the context of host
biogeography and the potential role of bats and rodents as vectors for interspecies
viral transmission. Combining studies of extant XRVs and “fossil” endogenous retrovi-
ruses in koalas and other Australasian species has broadened our understanding
of the evolution of retroviruses and host-retrovirus interactions.

KEYWORDS bioinformatics, endogenous retrovirus, hybrid capture, iatrogenic
transmission, orthoretrovirus, retroviral receptor, retroviral transmission, taxonomy

INTRODUCTION

Orthoretroviruses infect host cells by transferring their capsid and viral RNA ge-
nomes into the cytoplasm. Subsequently, viral reverse transcriptase (RT) initiates

production of a double-stranded DNA copy of the viral genome, which then integrates
into the host chromosomal DNA. The viral integrant is termed a provirus. The provirus
contains viral regulatory sequences in the long terminal repeats (LTRs) flanking both
sides of the provirus (Fig. 1A). The LTRs contain sequences such as the viral promoters,
enhancers, transcription initiation and termination sites, and polyadenylation sites. The
provirus serves as a template for generating viral genomic RNA and viral mRNA
transcripts that are translated by the host cellular machinery into viral proteins. The viral
genomic RNA along with host-translated viral proteins self-assemble into particles that
are exported from the cell. As shown in Fig. 1B, a simple orthoretrovirus has three basic
components found in all infectious orthoretroviruses. First, two copies of the RNA
genome are present in the body of the particle (shown in yellow in Fig. 1B). Inside the
virion particle are structural core proteins, such as the capsid and matrix proteins, in
addition to viral enzymes, such as integrase and RT (depicted in red in Fig. 1B). The env
gene encodes a polypeptide that, after translation and furin-mediated proteolytic
cleavage, results in two envelope subcomponents: the surface unit (SU), which contains
the receptor binding domain, and a transmembrane unit (TM) (shown in blue in Fig. 1B).
SU represents the external viral surface envelope components that bind to the receptor
on susceptible host cells. The TM unit is the subunit that spans the lipid bilayer of the
viral particle.

The new generation of virus particles may be competent to infect neighboring cells
or other organisms. Retroviruses that maintain a genetic lineage by moving from cell to
cell and from organism to organism via horizontal serial infectious events are called
exogenous retroviruses (XRVs). In contrast, when a retrovirus infects a germ line cell, the
mode of linear transmission and the evolutionary dynamics of the retrovirus can shift
profoundly (Fig. 2). The provirus may gain a stable foothold within the germ line of the
infected individual and become subject to vertical transmission to the offspring of the
host. Vertical transmission of a provirus from parent to progeny within the germ line
of a mammalian host species follows the rules of Mendelian segregation. Vertically
transmitted proviral genomes within the host germ line are referred to as endogenous
retroviruses (ERVs).

Following the initial colonization of host germ cells by an ERV, its copy number
within the host germ line may be amplified by several mechanisms. First, reinfection
across germ cells can occur (1). The process of reinfection of host cells by an infectious
ERV, whether they are germ cells or nongerm cells, is restricted by superinfection
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interference, i.e., the blockade of viral receptors by host ERV envelope proteins pre-
venting subsequent reinfection by viruses with an envelope that targets the same
receptor for infection. Thus, this propagation mechanism has an intrinsically low
probability. A second mechanism, which overcomes superinfection interference, can

FIG 1 (A) An integrated double-stranded DNA provirus (yellow) of a simple orthoretrovirus within the
host genome (gray) is shown. The long terminal repeats (LTRs) are at both the 5= and 3= ends of the
provirus and flank the retroviral gag, pol, and env coding regions. Regions coding for enzymes and other
proteins are shown with font colors corresponding to their depiction in panel B. (B) Schematic drawing
of a simple orthoretrovirus. All orthoretroviruses have three component parts: (i) the RNA genome,
shown in yellow; (ii) internal proteins, shown in red, including internal structural proteins (Gag) as well
as the viral enzymes, including the reverse transcriptase (Pol), which makes a DNA copy of the RNA
genome which will be integrated into the host cell genome; and (iii) the envelope proteins, shown in
blue. Env consists of two components: the TM moiety is embedded in the membrane (depicted in gray
and white) of a host cell and is incorporated into the virion during the budding process, and the surface
glycoprotein SU forms the knobs and is the part of the virus that binds to receptors on susceptible cells
of the host.

FIG 2 Mechanisms of XRV and ERV transmission. XRVs are transmitted horizontally (red arrows) either in
utero or via infected blood, feces, urine, milk, or saliva. After an XRV invades the germ line, ERVs (green
arrows) may be amplified by superinfection or retrotransposition in the host germ line. ERVs that remain
infectious can potentially infect naive members of the species. (Koala photographs courtesy of Tad
Motoyama [Los Angeles Zoo, Los Angeles, CA].)
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occur when the envelope of the infectious ERV mutates or recombines with other viral
envelopes, resulting in an XRV bearing an envelope that utilizes a different receptor,
thus permitting reinfection of host cells harboring the founder ERV. Other mechanisms
include retrotransposition and amplification of the chromosomal fragment in which an
ERV provirus is integrated (1). Early after integration, ERVs face several fates. Selection
will favor hosts that carry ERVs that have their deleterious effects compromised so as
not to endanger host survival. This can involve both mobilization of host restriction
mechanisms and degradation of the viral genome (2). Presumably for this reason, many
ERVs persist only as host-innocuous genetic remnants of their original XRVs, allowing
the XRV-infected host species to survive. ERVs are also subject to genetic drift, the
increase or decrease (including loss) of the frequency of an ERV at its chromosomal
locus due to stochasticity in host reproductive success.

The processes by which ERVs evolve in the host are often difficult to infer due to the
very long periods that may separate current analyses from the initial viral invasion of
the germ line. These long periods allow for the accumulation of changes in ERVs that
obscure the original invasion events and make it difficult to distinguish critical changes
that occurred as the viruses were transitioning from XRVs to ERVs from later changes
unrelated to endogenization. Recently, the discovery that the koala retrovirus (KoRV) is
a relatively recent integrant in the germ line of its host (3) has provided a means of
studying ERV evolution on a prospective basis. KoRV is a member of the genus
Gammaretrovirus, one of six genera assigned to the subfamily Orthoretrovirinae, which
in turn is one of two subfamilies recognized within the family Retroviridae. Gammaret-
roviruses include XRVs and ERVs that have been identified in diverse animal host
species (Table 1). Endogenous KoRV has been designated “KoRV-A.” While KoRV-A is an
established endogenous retrovirus in northern Australian koalas, it is not present in the
germ lines of some koalas in southern Australia (4). KoRV-A differs from more ancient
ERVs in that it retains its infectivity (3), having colonized the germ line of koalas
relatively recently, as established by molecular dating, by the complete absence of
KoRV-A in the germ lines of some koalas, and by the presence of KoRV at very different
genomic loci across different koalas (i.e., it is insertionally polymorphic) (4–6). This
contrasts with ERVs of other species, which are often many millions of years old, are
present in all individuals of a species, and are often fixed at the same genomic location
across every member of a species. Analysis of the genomes of a sire-dam-joey trio of
northern Australian koalas detected no novel KoRV integrants (i.e., there were no KoRVs
absent in both parents but present in the progeny), arguing against continuing
superinfection by endogenous infectious KoRV (6). Koalas in U.S. and affiliated Euro-
pean zoos originated from northern Australian koalas and are all KoRV-A positive. A
second form of KoRV, designated “KoRV-B,” was found in 66% of koalas of a U.S.
zoo-based lineage of koalas; KoRV-B infection was strongly associated with T-cell
lymphoma, and pedigree analysis within koala families with KoRV-B-positive members
established horizontal transmission as the mode of KoRV-B spread (7). KoRV-B was also

TABLE 1 Members of the subfamily Orthroretrovinaea

Genus Representative species

Alpharetrovirus Avian leukosis virus, avian carcinoma Mill Hill virus 2, avian myeloblastosis virus, avian myelocytomatosis virus 29,
avian sarcoma virus CT10, Rous sarcoma virus, UR2 sarcoma virus, Y73 sarcoma virus

Betaretrovirus Jaagsiekte sheep retrovirus, mouse mammary tumor virus, squirrel monkey retrovirus, Mason-Pfizer monkey virus,
Langur virus

Deltaretrovirus Bovine leukemia virus, primate T-lymphotropic virus 1, primate T-lymphotropic virus 2, primate T-lymphotropic virus 3
Epsilonretrovirus Walleye dermal sarcoma virus, walleye epidermal hyperplasia virus 1, walleye epidermal hyperplasia virus 2
Gammaretrovirus Reticuloendotheliosis virus, feline leukemia virus, gibbon ape leukemia virus, koala retrovirus, guinea pig type C

oncovirus, Moloney murine sarcoma virus, murine leukemia virus, porcine type C oncovirus, Snyder-Theilen feline
sarcoma virus, Trager duck spleen necrosis virus, viper retrovirus, woolly monkey sarcoma virus

Lentivirus Human immunodeficiency virus type 1, bovine immunodeficiency virus, caprine arthritis encephalitis virus, equine
infectious anemia virus, feline immunodeficiency virus, human immunodeficiency virus type 2, puma lentivirus,
simian immunodeficiency virus, visna/maedi virus

aBased on the virus taxonomy 2015 release at http://www.ictvonline.org/virustaxonomy.asp.
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significantly associated with chlamydial disease in free-ranging koalas in Queensland,
Australia (8). KoRV-B most likely arose de novo within KoRV-A animals by mutation or
recombination and exists, for now, as an exogenous pathogenic koala retrovirus. The
situation of overlapping KoRV endogenization and infection within a single living
mammalian species represents a fascinating retrovirological case study in real time and
a special challenge for deploying antiretroviral therapy and vaccines in the service of
protecting a mammalian species (3).

In this review, we explore the lessons learned thus far from the study of KoRV. We
also examine the relationships among orthoretrovirus receptors, consider how viral
interference may provide a barrier to the spread of an infectious endogenous retrovirus
in a mammalian species, and how the use of a different receptor can overcome
interference by ERVs. The KoRV receptors illustrate a general theme for many mam-
malian retroviruses, which employ a very limited set of highly related yet critically
divergent cell surface solute transporters (the solute carriers [SLCs]). These are ex-
pressed with sufficient ubiquity to ensure receptor distribution across divergent cell
types, including primary infection portal cells and germ cells.

KoRVs are also paradigmatic for interspecies retrovirus transmission. KoRV-A and
KoRV-B are closely related to an XRV isolated from primates, designated gibbon ape
leukemia virus (GALV). From a long-term evolutionary perspective, such cross-species
transmissions of retroviruses have been common (2). Yet since the geographic range of
koalas does not overlap that of gibbons, how did similar viruses come to infect species
that do not overlap in range? What were the intermediate vector species? Are there
some taxa that serve as reservoirs for interspecies transmission? How do viruses change
as they cross the species barrier, and specifically, do retroviral interactions with host
receptors change as viruses jump across species? How can highly related gammaret-
roviruses manifest as an endogenous virus in one species and as an infectious virus in
another, what events surround the endogenization of retroviruses into the host germ
line, and what are the fates of retroviruses that do integrate into the host germ line?
Recent findings address these questions regarding the origins of GALV, KoRV, and other
retroviruses. These, together with a more complete knowledge of the receptors used by
retroviruses, are profitably synthesized with emerging technologies for XRV and ERV
sequencing and genomic and subgenomic bioinformatics to yield a new view of
retrovirus transmission and pathogenesis that emphasizes the dynamic coevolution of
mammalian retroviral genomes and the cell receptors of their mammalian hosts.

CLASSIFICATION OF ERVs AND XRVs
Morphological Classification

Originally, retroviruses were divided into morphological classes based on the as-
sembly and budding processes of simple retroviruses as visualized by electron microscopy.
Retroviruses, originally designated type A to D particles, have now been recategorized into
an organized taxonomy. Contemporary alpharetroviruses and gammaretroviruses were
originally categorized as having a C-type morphology predicated on their observed
ability to form spherical virions with electron-dense cores that assembled at and
budded from the plasma membrane. Betaretroviruses were divided into particles
having a B- or D-type morphology, with the former forming intracellular preassembled
virus-like particles in the cytoplasm. Deltaretroviruses also assemble into intracellular
virus-like particles and have a D-type particle morphology. D-type particles exhibit
distinct morphological features after budding. Mature B-type particles have an off-
center core, whereas D-type particles contain distinctive cylindrical cores (9).

Taxonomic Classification

With the discovery of complex retroviruses, the categorization of retroviruses by
morphology was replaced with new criteria for defining the Retroviridae. The Interna-
tional Committee on Taxonomy of Viruses (ICTV) currently classifies Retroviridae into
two subfamilies: the Orthoretrovirinae and the Spumaretrovirinae (Fig. 3). Taxonomic
classification of organisms is based on categorizing organisms in a hierarchical ranking
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system based on shared genetic and functional features. Features that distinguish
Spumaretrovirinae from Orthoretrovirinae are numerous, but most center on how they
form infectious particles and subsequently infect cells (10). Reverse transcription ap-
pears to occur within the virus particle, and thus spumaviral particles contain double-
stranded DNA, whereas an RNA genome is found in orthoretroviruses (11). The
Spumaretrovirinae subfamily is not discussed in this review. The retrovirus subfamily
Orthoretrovirinae is composed of six genera. These include alpharetroviruses, betaret-
roviruses, gammaretroviruses, deltaretroviruses, epsilonretroviruses, and lentiviruses.
Table 1 lists the six genera and examples of species associated with each. All six of these
genera contain not only XRVs but also ERVs. Until recently, epsilon- and deltaretrovi-
ruses were also thought to have no ERV correlates. The epsilonretrovirus genus is
represented mainly by XRVs in fish; however, Brown et al. recently identified a large
number of epsilon-like ERVs in a variety of primate and other mammalian species (12).
Similarly, endogenous deltaretroviruses had not been characterized until their recent
discovery in long-fingered bats (13).

Classification Based on Evolutionary Relationships

A different approach to classifying Orthoretrovirinae, based on ERV lineages rather
than XRV morphological features, is centered on relationships inferred between ancient
endogenous and extant exogenous viruses. These analyses compare homologous
sequences, such as gag, pol, or env sequences, across viruses (14–16). Since the pol gene
has a relatively low rate of evolutionary change, it is a reliable marker of genetic
changes accrued over relatively long periods (17). The inferred phylogeny of ERVs from
the six orthoretroviral genera reveals two clades (clusters) or classes, with epsilon- and
gammaretroviral ERVs designated class I viruses and betaretroviruses, alpharetroviruses,
deltaretroviruses, and lentiviruses and their associated ERVs designated class II viruses
(17). Thus, phylogenetic analysis of orthoretroviral ERVs and XRVs based on genetic
relationships among pol genes (15, 17, 18) has distributed the six genera into two
classes (19).

It is important that subgenomic components of retroviruses may evolve at different
rates. The mutation rates for ERVs may be especially low, because ERVs are subject to
the DNA repair mechanisms and low evolutionary rates of the genomes of their
mammalian hosts. Among XRVs, the surface envelope-, polymerase-, and structural
protein-encoding viral regions are under different selective pressures and constraints.
The relatively highly conserved transmembrane (TM) domain of the envelope has been
found to be useful for classifying retroviruses (19–21), with the exception of epsilon-
retroviruses, because their envelope structure and processing mechanism have not
been evaluated as extensively.

A novel phylogenetic classification of the Orthoretrovirinae was recently proposed
based on distinguishing features within the TM domains of ERV and XRV orthoretro-

FIG 3 Classification of the Retroviridae into subfamilies and genera. The Retroviridae family is not
assigned to an order.

Greenwood et al. Microbiology and Molecular Biology Reviews

March 2018 Volume 82 Issue 1 e00044-17 mmbr.asm.org 6

http://mmbr.asm.org


viruses (1, 21). The TM subunit is evolutionarily conserved and executes an essential
function shared by all XRVs—the fusion of the lipid bilayer of the virus particle with the
cell membrane—facilitating viral entry. Unlike SU, the TM subunit is shielded from host
immune adaptive pressure and therefore serves as a useful retroviral phylogenetic
marker. A fusion peptide is present in all retroviruses, but its position with respect to
the N terminus of the TM domain varies. Also conserved among all orthoretroviruses
are the transmembrane regions (TRs) and the cytoplasmic tail (CT) (Fig. 4). Features that
distinguish the TM domains of orthoretroviruses include the CX6CC motif. This motif
consists of three cysteines, the first two of which are separated from the third by six
variable residues (represented by “X”). The first two cysteines in the CX6CC motif
participate in the formation of an intramolecular loop in the TM ectodomain. The third
cysteine is requisite for a covalent bond formed between the TM and SU domains
within type D betaretroviruses, gammaretroviruses, and deltaretroviruses (class 1 viral
fusion proteins; not to be confused with class I retroviruses), as well as alpharetroviruses
(class 2), but not lentiviruses or B-type betaretroviruses (Fig. 4). TM domains of B-type
betaretroviruses and lentiviruses (class 3) contain a CXnC motif lacking the third
cysteine residue required for covalent association with SU but retaining the ability to
form an intramolecular TM covalent loop, with the number of residues separating the
two cysteines varying from four to seven (21). Additionally, type D betaretroviruses and
all deltaretroviruses, gammaretroviruses, and alpharetroviruses contain an immunosup-
pressive domain (ISD). The ISD is a region within the TM domain proximal to the CX6CC
motif that has been demonstrated to inhibit proliferation and differentiation of cultured
T lymphocytes (22) and allows for escape from the innate and adaptive host immune
systems (23–26). The ISD is absent in the B-type betaretroviruses and lentiviruses (Fig.
4). Another distinguishing feature of the TM class 3 retroviruses is the membrane-
proximal external region (MPER), which extends the TM domains of B-type betaretro-
viruses and lentiviruses compared to those of alpharetroviruses, type D betaretrovi-
ruses, gammaretroviruses, and deltaretroviruses (1, 21). The single feature that
distinguishes class 1 retroviruses from class 2 alpharetroviruses is that the fusion
peptide is located internally in TM class 1 retroviruses, whereas it is at the immediate
site of TM cleavage from SU in alpharetroviruses. Thus, the presence of the CX6CC and

FIG 4 Organization of the three classes of transmembrane (TM) proteins found in orthoretroviruses
and the genera of retroviruses in which they are found (21). The immunosuppressive domain (ISD) and
the CX6CC cysteine motif with disulfide bonds are depicted for TM classes 1 and 2. In class 3, the alternate
cysteine motif CXnC and the membrane-proximal external region (MPER) are present, whereas the
transmembrane region (TR), cytoplasmic tail (CT), and fusion peptide are variably positioned within the
TM domain but invariably present in all TM proteins.
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ISD motifs along with the absence of an MPER distinguishes class 1 and 2 retroviruses
from class 3 retroviruses, and the position of the fusion peptide distinguishes class 1
and 2 retroviruses. The phylogeny of the three TM groups is incongruent with the class
I and II groupings of the same viruses based on the pol gene. TM groupings may lay the
groundwork for a radical reorganization of orthoretroviruses based on their flexibility to
recombine in such a way as to expand their host range. A summary of the various
groupings of orthoretroviruses is listed in Table 2. Remarkably, all the diverse receptors
that have been identified for class 1 TM orthoretroviruses share an evolutionary feature,
namely, the ability to carry solutes across membranes.

RETROVIRUS RECEPTORS

Since the topic of retrovirus receptors was last reviewed in this journal (27), a
constellation of findings has allowed a deeper understanding of the role of receptors
in virus-host coevolution. One of the most noteworthy is that a small group of
multipass integral membrane proteins function as solute carrier (SLC) transporters and
retroviral receptors. In fact, among the identified receptors for TM group 1 mammalian
retroviruses that contain envelopes in which the TM domain is joined to the SU moiety
via covalent disulfide linkage, all function as SLC transporters in their mammalian hosts.
These include receptors for all gammaretroviruses and deltaretroviruses as well as for
all of the recombinant betaretroviruses whose envelopes are of the TM-SU disulfide-
linked type.

Retroviruses That Use SLCs as Receptors

Members of each SLC family share limited sequence similarity with each other, even
though they transport a common solute, and even lower sequence identity is found
between different SLC families (28, 29). The solute transporters that function as
retroviral receptors and the viruses that employ them are listed in Table 3.

Phosphate transporters. The gibbon ape leukemia virus (GALV) and amphotropic
murine leukemia virus (A-MLV) receptors were first identified only as retroviral receptors
and were designated GLVR1 (30) and -2 (31) and Ram-1 (32), respectively. They were
subsequently shown to function as sodium-dependent phosphate symporters (32–34),
redesignated type III Na/Pi cotransporters, and assigned the names PIT-1 and PIT-2.
PIT-1 and PIT-2 are members of the slc20 family, with the human gene designations
slc20a1 and slc20a2, respectively. slc20a1 encodes a highly evolutionarily conserved,
ubiquitously expressed sodium-dependent phosphate symporter, PiT1 (33, 35–37). PiT1
functions as a receptor for the primate XRVs woolly monkey virus (WMV) and GALVs.
GALVs have been isolated on multiple occasions from captive white-handed gibbons
(Hylobates lar). WMV represents a single isolate obtained from a New World woolly
monkey (genus Lagothrix) that shared a household with a gibbon, as reviewed previ-
ously (38). Thus, WMV and GALV represent a single retroviral clade, and the use of PiT1
as a receptor for both is not unexpected given the close sequence similarity of their SU
proteins.

The determination that PiT1 also functions as a receptor for feline XRVs, e.g., FeLV-B
(36) and FeLV-T (39), and a murine virus isolate, 10A1-MLV, was somewhat surprising

TABLE 2 Classifications of ERVs and XRVs

ERV/XRV genus (no. of species)a Morphological typeb TM classc Pol classd

Alpharetrovirus (9) C 2 II
Betaretrovirus (5) A, B, and D 1 and 3 II
Deltaretrovirus (4) C 1 II
Epsilonretrovirus (3) Not assigned Not assigned I
Gammaretrovirus (18) C 1 I
Lentivirus (10) Rod/cone core 3 II
aFrom the list at http://www.ictvonline.org/virustaxonomy.asp.
bFrom reference 304.
cFrom reference 20.
dFrom reference 305.
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given that GALVs, FeLVs, and 10A1-MLV share limited sequence identity in the receptor
binding domains (RBDs) of their envelope genes (40, 41). FeLV-B typically results from
in vivo recombination between infectious FeLV-A and endogenous FeLVs present in the
genomes of domestic cats (42). 10A1-MLV is a unique murine XRV that also arose by
de novo recombination. In the case of 10A1, the recombination was between a murine
gammaretrovirus isolated from a feral North American mouse and ERV sequences
present in inbred laboratory mice (43). GALV and FeLV-B infect cells from an extremely
broad range of mammalian species in vitro, including cells derived from cow, mink, bat,
rat, pig, dog, cat, rabbit, and human and nonhuman primates, as well as cells from a
variety of birds (but not chickens) (27). Viruses that use PiT1 as a receptor exhibit
different host ranges. For example, cells derived from Mus musculus are resistant to
FeLV-B, FeLV-T, WMV, and GALV but not 10A1-MLV (27, 38), demonstrating that PiT1,
while conserved as a transporter across species, exhibits sharply different viral receptor
characteristics depending on the mammalian species in which it is expressed. The koala
retrovirus KoRV-A, initially discovered in 2000, was unequivocally identified as an ERV
(5) closely related to GALV (44). KoRV-A is a recently endogenized virus that retains its
infectious properties and is readily induced from koala peripheral blood mononuclear
cells (45). Like GALV, KoRV-A uses the protein encoded by slc20a1 as a receptor (46).

A second sodium-dependent phosphate transporter, PiT2 (encoded by slc20a2),
functions as a receptor for A-MLVs and serves as a secondary receptor for 10A1-MLV
(31, 32). The slc20a1- and slc20a2-encoded proteins share common transporter features,
but studies of knockout mice have shown that slc20a1 is an essential gene; complete
deletion of slc20a1 results in lethality at embryonic day 12.5 in mouse knockouts (47).
Deletion of slc20a2 is not lethal in mice but results in serious physiological effects,
including calcifications in the thalamus and various brain regions (48). A-MLVs, such as
1504A and 4070A, use the transporter as a receptor to infect human and murine cell
lines as well as cells derived from a variety of other species (27). FeLV-B can use both
slc20a1- and slc20a2-encoded transporters as receptors, but employment of the
slc20a2-encoded receptor is restricted to cells expressing the feline ortholog of this
receptor/transporter (49).

GALV and KoRV-A, though restricted to using PiT1 to infect human cells and many
other cell types, can use proteins encoded by slc20a2 orthologs to infect two types of
rodent cells. The PiT2 orthologs expressed in E36 cells derived from the Chinese
hamster and cells derived from the feral mouse Mus musculus molossinus function as
GALV or KoRV-A receptors (49–52). Some orthologous slc20a2 genes code for proteins
that fail to function as GALV receptors, while others code for a functional receptor.
Sequence comparisons revealed that the residue present at PiT2 position 522 regulates

TABLE 3 Retroviruses that employ SLCs as receptorsa

Virus(es) Transporter gene name (product) Transporter function

KoRV-A, GALV, FeLV-B, 10A1-MLV, FeLV-T, WMV slc20a1 (previously GLVR1; now PiT1) Sodium-dependent phosphate transporter
KoRV-B, FeLV-A slc19a2 (THTR1) Thiamine/folate transporter
A-MLV, 10A1-MLV, GALV, FeLV-B slc20a2 (previously GLVR2; now PiT2) Sodium-dependent phosphate transporter
E-MLV, BLV slc7a1 (MCAT) Cationic amino acid transporter
M813, HEMV slc5a3 (Smit1) Sodium/myoinositol cotransporter
RD-114, BaEV, REV, SRVs 1 to 5, HERV-W slc1a5 (ASCT1) Glutamate/neutral amino acid transporter
BaEV, HERV-W slc1a4 (ASCT2) Glutamate/neutral amino acid transporter
FeLV-C slc49a1, slc49a2 Heme importer and exporter
X-MLV, P-MLV Xpr1 (ND) Phosphate exporter
PERV-A slc5A1 (huPAR-2) Riboflavin transporter
GLN MLV slc19A1 Thiamine/folate transporter
ALV-J slc9A1 (NHE-1) Sodium/hydrogen exchanger
HTLV slc2A1 (Glut-1) Glucose transporter
aAbbreviations and nomenclature: KoRV, koala retrovirus; GALV, gibbon ape leukemia virus; FeLV, feline leukemia virus; MLV, murine leukemia virus; WMV, woolly
monkey virus; MoMLV, Moloney murine leukemia virus; E-MLV, ecotropic murine leukemia virus; BLV, bovine leukemia virus; M813, an MLV originally isolated from
the Asian rodent Mus cervicolor; HEMV, a Mus spicilegus endogenous retrovirus; RD-114, a feline infectious endogenous retrovirus; BaEV, baboon endogenous
retrovirus; HERV, human endogenous retrovirus; PERV, porcine endogenous retrovirus; GLN, an infectious endogenous murine retrovirus; ALV-J, a subgroup member
of avian leukosis viruses; HTLV, human T-lymphotropic virus.
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this aspect of receptor function (34, 53, 54). Furthermore, engineering the appropriate
codon into the human slc20A2 cDNA is sufficient to allow the mutated human protein
to function as a GALV receptor (54).

Another phosphate transporter, in this case a phosphate exporter (Xpr1), has been
proposed to function as a receptor for xenotropic and polytropic gammaretroviruses
(X-MLVs and P-MLVs) (55). XPR1 was originally identified as a human cDNA that
specifically conferred entry of X-MLVs and P-MLVs into resistant hamster cells (56–58).
More recently, it was demonstrated that phosphate efflux is inhibited by the X-MLV
envelope binding domain (55), and mutations in Xpr1 are implicated in altering
phosphate homeostasis in the neurological disease designated primary familial brain
calcification (59). Although it clearly functions as a solute exporter protein, Xpr1 is the
only gammaretroviral receptor within the SLC transporter family that has not been
assigned SLC nomenclature (Table 3).

Vitamin transporters. The exogenous koala and feline gammaretroviruses, KoRV-B
(7, 60) and FeLV-A (61), respectively, use the thiamine (vitamin B1) transporter THTR1
(corresponding human gene designation slc19a2) as a receptor (Table 3). FeLV-A is an
ecotropic virus and is restricted to using the receptor encoded by the feline slc19a2
ortholog to infect feline cells in culture and in vivo. KoRV-B is spread from koala to koala
in a manner consistent with the horizontal transmission demonstrated by FeLV-A in
cats (7).

The human receptors for one of the three subgroups of porcine endogenous
retroviruses, PERV-A, have been identified as being encoded by genes present on
human chromosomes 8 and 17. These two human receptors, designated HuPAR-1 and
HuPAR-2, share 86.5% amino acid identity (62). One of these receptors, HuPAR-2, is the
riboflavin (vitamin B2) transporter RFT1 (corresponding to the human gene slc5a1) (63)
(Table 3).

A recently identified gammaretrovirus receptor determined to be a solute trans-
porter is used by the murine infectious GLN retrovirus. The GLN retrovirus is named for
the glutamine amino acid (Gln) of the tRNA that is complementary to the primer
binding site of the retrovirus. The murine GLN-2 retrovirus is the sole member of the
high-copy-number reiterative ERV family present in the C57BL/6 mouse genome and is
an infectious retrovirus (64). GLN-2 employs the folate transporter encoded by the
murine slc19a1 ortholog to infect mouse cells (Jhen Tsang, David Ribet, Thierry
Heidmann, and Marie Dewannieux, submitted for publication).

Amino acid transporters. Ecotropic murine leukemia viruses (E-MLVs) are a group of
related XRVs and ERVs that were isolated from Mus musculus and have a restricted host
range, infecting only cells derived from mice or rats. The cDNA of the mouse slc7a1
ortholog is the first gene reported to encode a retroviral receptor whose expression is
necessary and sufficient to facilitate the entry of E-MLV into otherwise fully resistant
cells (66). Moloney murine leukemia virus (MoMLV) is an archetypal ecotropic MLV and
represents the first cloned and fully sequenced retroviral genome (67). The receptor for
E-MLVs is a high-affinity, low-capacity transporter of cationic amino acids, e.g., arginine,
lysine, and ornithine (68, 69). In addition to murine XRVs, endogenous AKV MLVs can
use this transporter as a receptor. However, not all murine orthologs of slc7a1 encode
receptors that function for AKV. For example, cells derived from Mus minutoides, an
African pygmy mouse, are resistant to AKV MLVs but not to ecotropic murine XRVs (70).
Bovine leukemia virus (BLV), the etiological agent of bovine leukemia, is a deltaretro-
virus that also employs the cationic amino acid transporter encoded by slc7a1 as a
receptor (Svilena Ivanova, Jawida Touhami, Donatella Giovannini, Julien Bellis, Jérôme
Feuillard, Lavanya Madakasira, Vincent Petit, Valérie Courgnaud, Marc Sitbon, and
Jean-Luc Battini, submitted for publication) to infect its natural host cattle and pre-
sumably to horizontally infect zebu, water buffalo, sheep, and capybaras (72).

The human sodium-dependent broad-scope neutral amino acid transporters ASCT1
and ASCT2 (human gene designations slc1a4 and slc1a5) are cell surface receptors used
by the largest number of TM group 1 retroviruses (Table 2). The avian XRVs designated
reticuloendotheliosis virus (REV) and spleen necrosis virus (SNV) (57, 73, 74), the feline
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RD-114 isolate (57, 75), the baboon BaEV isolate (57, 76), and human HERV-W (77, 78)
all use neutral amino acid transporters for entry. The infectious ERV BaEV was obtained
from baboon placental tissue cocultured with various cells (79), and the RD-114 ERV
was obtained from human rhabdomyosarcoma cells passaged in fetal cats (80). HERV-W
employs both slc1a4- and slc1a5-encoded receptors (77, 78).

slc1a5 encodes a protein that also functions as a receptor for the TM group I squirrel
monkey betaretroviruses SRV-1, SRV-2, SRV-3 (Mason-Pfizer monkey virus), SRV-4, and
SRV-5 (81, 82). All viruses that use these receptors have broad host ranges that include
human cells, but only BaEV can infect mouse cells (27). This suggests that BaEV can
employ the murine ortholog-encoded transporter as a receptor. The ability
of BaEV (76) and HERV-W (77, 83) to employ slc1a4- in addition to slc1a5-encoded
transporters contributes to their expanded host range. Amino acid transporters serve as
receptors for the most diverse range of retroviruses, including members of the betaret-
roviruses, gammaretroviruses, and deltaretroviruses.

Other solute transporters acting as retroviral receptors. There are four receptor
classes for FeLVs. As mentioned above, FeLV-A is a minimally pathogenic ecotropic
virus that employs the slc19a2-encoded transporter as a receptor. FeLV-B and -T require
the slc20a1-encoded transporter/receptor to infect cells. FeLV-C, a virus associated with
aplastic anemia in cats, uses the heme exporters (human gene designations slc49a1 and
slc49a2) as receptors (84, 85). FeLV-C is generated by mutation within the FeLV-A
envelope variable region (86). Most virus-transporter interactions are not deleterious to
the infected cells, as envelope-receptor binding does not compromise transport func-
tion; however, this is not the case for FeLV-C. The appropriation of heme exporters as
receptors by FeLV-C impairs heme export, resulting in a deficit of erythroid progenitors
in the bone marrow, most likely due to heme toxicity. Therefore, the use of this receptor
has a direct effect on FeLV-C disease outcomes (84, 87).

In addition to the MLVs discussed previously, other MLVs derived from mice include
the XRV M813, isolated from an Asian mouse, Mus cervicolor (88), and an infectious ERV
(HEMV) isolated from the Eastern European mouse Mus spicilegus. M813 and HEMV have
a different host range in vitro compared to that of the classical E-MLVs mentioned
above that use a cationic amino acid transporter as a receptor (encoded by slc7a1).
M813 and HEMV infect only cells derived from mice, and unlike classical E-MLVs, they
do not infect cells derived from rats. These viruses were independently determined to
use a common receptor, Smit1, a sodium-myoinositol cotransporter encoded in hu-
mans by the slc5a3 gene (89, 90). Infectious HEMV and M813 were isolated from mice
from distinct geographic regions and appear to have evolved independently to use the
same receptor.

The human T-lymphotropic viruses (HTLVs) are deltaretroviruses. HTLV-1 was the
first human retrovirus identified and the first to be associated with pathogenic out-
comes, namely, adult T-cell leukemia/lymphoma (ATL) and tropical spastic paraparesis
(TSP) (91). HTLV-1 has a broad host range and employs the glucose transporter Glut-1,
encoded by slc2a1, as its receptor (92). Expression of Glut-1 in semiresistant cells
confers enhanced susceptibility to both HTLV-1- and HTLV-2-enveloped particles,
and Glut-1-expressing cells induce HTLV envelope-host cell fusion (88). Like FeLV-C-
mediated interference of heme export by slc49a1- and slc49a2-encoded receptors,
Glut-1 protein binding by either HTLV-1 or -2 envelope glycoproteins inhibits glucose
transport. This inhibition is hypothesized to contribute to the pathogenesis of HTLV-
associated human disease (93).

Avian leukosis virus of subgroup J (ALV-J) is an alpharetrovirus that presumably
participated in gammaretrovirus envelope capture, as its SU is significantly different
from those for other ALV subgroups, even though the rest of its genome, including the
TM-encoding domain, shows little divergence from those of ALV subgroups A to E (94,
95). ALV-J employs a Na�/H� exchanger transporter (Table 3) encoded by the chNHE1
gene (human gene designation slc9a1) as a receptor in chicken cells. The chicken
ortholog of slc9a1 is expressed in all chicken cell lines tested so far and in cell lines
derived from jungle fowl and domestic turkey (95). In contrast, the non-SLC receptors
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for ALV subgroups A to E are not expressed in all chicken cell lines (95, 96). The ALV-J
envelope is responsible for inducing myeloid leukemia in chickens, distinguishing ALV-J
from ALVs A to E, which primarily cause lymphomas (97).

The discovery that a wide variety of orthoretroviruses use members of the SLC
transporter family as receptors indicates that a deeper understanding of viral envelope
coevolution with host receptor utilization is needed to determine the deep structure
of virus-mammal coevolution and receptor-associated pathogenesis. This requires an
understanding of the structural elements within RBDs that allow independent (conver-
gent) evolution of multiple otherwise unrelated RBDs to use the same receptor (e.g.,
those of FeLV-B, 10A1-MLV, and KoRV-A, which all use PiT1). Likewise, closely related
XRVs have diverged sufficiently to use different receptors (e.g., in the cases of FeLV-B,
FeLV-A, and FeLV-C; 10A1-MLV, A-MLV, X-MLV, and E-MLV; and KoRVs A and B). Through
receptor interference, ERVs may recurrently pressure XRVs to shift receptor usage to
sidestep the receptor that may be blocked and the extracellular release of ERV envelope
proteins (98).

Diversification of RBD structure leading to differential receptor utilization is driven
by evolutionary pressures that are different from those driving other viral genomic
regions. Examples of endogenous infectious retroviruses in different host species that
employ a common receptor are also instructive in this regard. For example, the RD-114
ERV acquired its envelope as a result of de novo recombination between endogenous
feline gag-pol sequences and the envelope of BaEV after an ancestor of the domestic
cat and related species was infected by BaEV (99).

Retroviruses That Use Single-Pass or GPI-Anchored Proteins as Receptors

Betaretroviruses such as Jaagsiekte sheep retrovirus (JSRV) and mouse mammary
tumor virus (MMTV), as well as many endogenous type B betaretroviruses, lack the third
cysteine in the TM ectodomain, consistent with noncovalently associated SU and TM
subunits (19) (Fig. 4). These betaretroviruses differ from recombinant D-type betaret-
roviruses associated with gammaretroviral envelopes in that they do not use SLC
membrane proteins as receptors. They instead use single-pass or glycosylphosphati-
dylinositol (GPI)-anchored proteins as receptors. Hyaluronidase 2 (HYAL2) is the recep-
tor for JRSV (100). HYAL2 is a GPI-anchored cell surface protein with a low hyaluroni-
dase activity (100). The receptor for MMTV is the single-transmembrane-spanning
transferrin receptor 1 (Tfr1 or Tfrc), which provides a major means of iron uptake into
blood cells (101, 102). Tfr1 is also a cluster of differentiation (CD) cell surface immu-
nomarker (CD71) that serves as a marker of cells of the erythroid lineage.

The receptors for the avian sarcoma and leukosis viruses ALV-A, ALV-B, ALV-C,
ALV-D, and ALV-E are encoded by three distinct genes: TVA, TVB, and TVC. TVA encodes
a low-density-lipoprotein (LDL)-related protein that serves as a receptor for ALV-A (103,
104) and can be transcribed by alternate splicing into mRNAs encoding two different
forms of the receptor, a single-pass membrane form or a GPI-anchored form (105). TVB
encodes the single-membrane-spanning receptor for ALV-B, ALV-D, and ALV-E, which is
a tumor necrosis factor receptor (TNFR)-related protein (106). TVC encodes a third
single-membrane-spanning receptor that is a member of the immunoglobulin super-
family and is used by subgroup C ALVs as a receptor (107). ALVs A to E are thought to
exemplify the evolution of avian retroviruses from a common ancestor to use similar
paralogs coding for a class of receptors.

Receptors for Lentiviruses

With the observation that AIDS patients manifest CD4� T-cell decline (108), re-
searchers showed that CD4 serves as a receptor for human immunodeficiency virus
type 1 (HIV-1) (109–112), HIV-2 (113), and simian immunodeficiency virus (SIV) (114,
115). CD4 is a cell surface glycoprotein predominantly of immune cells, such as T helper
cells, monocytes, macrophages, and dendritic cells. It functions as an associative
recognition coreceptor through interactions with major histocompatibility complex
(MHC) class II molecules on antigen-presenting cells and facilitates T-cell receptor
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(TCR)-dependent initiation of the cascade for antigen-specific T-cell activation. How-
ever, while in early studies virtually all HIV-1 isolates replicated in vitro in activated
CD4� T cells present in peripheral blood mononuclear cells (PBMC), some replicated in
mature macrophage cultures but not in certain established CD4� T-cell lines (“macro-
phage tropic”), while some replicated in these established CD4� T-cell lines but not in
mature macrophage cultures (“T cell tropic”) (116–118). This property was later ex-
plained by the alternate use of one of two coreceptors in addition to CD4. Viruses
historically designated macrophage (or M) tropic utilize the chemokine receptor CCR5,
which is not expressed on the established CD4� T-cell lines used in early studies, and
are now designated R5 tropic (119–123), while viruses originally identified as T-cell line
(or T) tropic use a different chemokine receptor, CXCR4, and are now described as X4
tropic (124). Both CCR5 and CXCR4 are G-protein-coupled receptors and function as
chemokine receptors. The ligands for CCR5 include � chemokines, particularly MIP-1�,
while the ligand of CXCR4 is SDF-1. These chemokines are secreted by many cell types
and serve as chemoattractants to draw lymphocytes to sites of inflammation. HIV-2 and
SIV also use these coreceptors. Transmitter/founder (T/F) viruses are almost exclusively
R5 viruses, with X4 or dual-tropic R5X4 viruses developing later in infection in some
infected individuals, although many T/F isolates of HIV-1 do not productively infect
primary macrophage cultures, indicating the importance of factors other than CCR5
expression. This coreceptor dependence of HIV-1 explains the apparent resistance of
CCR5�32 homozygous individuals to HIV infection (125–127). This mutation results in
the retention of CCR5 in the endoplasmic reticulum (128); therefore, those homozygous
for the allele have no surface expression of CCR5, which is required to render cells
permissive for infection with R5-tropic strains of HIV-1 (126). In addition, CCR5 has been
exploited as a drug target (129) and figures in current gene therapy approaches to treat
HIV infection (130), including in the one individual, to date, who has been cured (131,
132). Individuals homozygous for CCR5�32 have become infected with HIV-1 and
progressed to AIDS, but the T/F viruses in these cases were either X4 tropic or R5X4
tropic (133–139).

Like HIV, feline immunodeficiency virus (FIV) induces a disease state characterized by
a progressive depletion of CD4� T lymphocytes and an AIDS-like condition (140, 141).
FIV employs CD134 (OX40) as its main receptor (142, 143) and CXCR4 as the coreceptor
(144, 145). CD134 is a member of the tumor necrosis factor-nerve growth factor
receptor family and is associated with enhanced cellular survival of T cells and pro-
longed activation. While it is abundant on CD4� T cells, CD134 is also found in a
subpopulation of CD8� T cells, CD45R� B cells, and monocyte-derived macrophages,
consistent with FIV’s cellular tropism (146). FIV binds the first cysteine-rich domain
(CRD1) of CD134 (147), with some strains additionally requiring the second cysteine-
rich domain (CRD2) (148, 149). CRD2-dependent strains appear to be transmitted
preferentially (150), while CRD2-independent strains arise during chronic infection
(151), analogous to the coreceptor dependence of HIV and SIV.

The presence of functional receptors is a critical element for determining the host
range of an infectious retrovirus. However, many other factors are involved in the
transmission of infectious retroviruses among and between species.

XRV TRANSMISSION
Zoonotic Cross-Species Transmission

The lentivirus HIV-1 group M, the main form of the virus responsible for the global
AIDS epidemic, originated in the region of Kinshasa (formerly Leopoldville) in what is
now the Democratic Republic of Congo around 1920 (152–154). Related lentiviruses,
the SIVs, are naturally endemic to sub-Saharan Africa, with approximately 40 different
primate species harboring strains. In the naturally occurring hosts that have been
characterized, infections appear to be nonpathogenic (155). A virus closely related to
HIV-1 was discovered in chimpanzees (SIVcpz) (156, 157), with only the subspecies Pan
troglodytes troglodytes serving as a natural reservoir. The subspecies P. t. schweinfurthii
also harbors SIVcpz, but it is divergent from HIV-1 and that of P. t. troglodytes (158).
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Unlike other nonhuman primate hosts in the region, infected chimpanzees can mani-
fest an AIDS-like illness (159). SIVcpz resulted from the recombination of two SIVs: one
related to SIVrcm of red-capped mangabeys (160) and one infecting several Cercopith-
ecus species (Cercopithecus nictitans, C. cephus, and C. mona) (161–163). Both sets of
monkeys overlap in geographic range with P. t. troglodytes, which likely acquired the
relevant SIVs in the context of predation (155).

Phylogenetic analysis revealed that chimpanzees in the far southeastern region of
Cameroon are the probable source of HIV-1 group M (159). Chimpanzee-to-human
cross-species transmission likely occurred through exposure to infected blood and
bodily fluids during the butchering of bushmeat (164). Water traffic may have conveyed
infected animals from Cameroon to Kinshasa, a port and former capital of the Belgian
Congo. In the early 20th century, this area of Africa was experiencing rapid sociocultural
changes, population growth, and medical intervention (153, 165, 166) that may have
allowed the virus time to adapt to a human host (167, 168). The chimpanzee-to-human
cross-species transmission did not occur once but many times, yielding the additional
HIV groups N and O. Additionally, HIV-2 emerged as a cross-species transmission from
sooty mangabeys (Cercocebus atys) (169), with evidence of eight distinct events (170).
SIVsmm has also inadvertently been transmitted multiple times to various macaque
species in laboratory settings, as distinct events (171) giving rise to AIDS-like illness.
Evidence also exists for chimpanzee-to-gorilla cross-species transmission (172), esti-
mated to have taken place at least 100 to 200 years ago (173) and culminating in
SIVgor. HIV-1 group P likely originates from SIVgor (174). Cross-species transmissions of
lentiviruses between nonhuman primates and humans have likely occurred for millen-
nia without reaching epidemic/pandemic scales until modern times (175). The current
evidence suggests that this is not due to a change in the rate of interspecies trans-
mission but has more to do with sociodemographic changes, such as massive-scale
urbanization in Africa, an increased reliance on bushmeat, and increasing global travel,
all of which are highly conducive to the spread of infectious agents (153, 176, 177).

The deltaretrovirus HTLV-1 was the first infectious, oncogenic human retrovirus
discovered (178). It is the etiological factor for adult T-cell leukemia (ATL) and tropical
spastic paraparesis/HTLV-1-associated myelopathy (TSP/HAM); however, disease man-
ifestation is rare among infected individuals (179). HTLV-1 is present globally but not
homogenously and is endemic in isolated regions, i.e., the southwestern part of Japan,
sub-Saharan Africa, the Caribbean Basin, South America, and foci in the Middle East and
Australo-Melanesia (180). While the prevalence in some areas likely arose from mass
migration of an infected population (181), that in other areas likely stems from frequent
interspecies transmissions (182).

Studies in Africa have found individuals with strains more closely related to those in
sympatric nonhuman primates (sooty mangabeys, chimpanzees, colobus monkeys,
mandrills, crested mona monkeys, and gorillas) than to those in other local human
individuals (183, 184). HTLV-1 and simian T-lymphotropic virus type 1 (STLV-1), the
related simian counterpart, do not separate into distinct phylogenetic lineages. Fur-
thermore, strains cluster together by geographic origin of their hosts rather than by
host species, which is indicative of local cross-species transmissions. Each of the seven
subtypes (A to G) is believed to have originated from a distinct cross-species transmis-
sion between a nonhuman primate and a human (182, 185–187).

An outbreak of the FeLV gammaretrovirus among Florida panthers (Puma concolor
coryi, a subspecies of puma) was reported in 2008, which resulted from a cross-species
transmission event between a domestic cat and a Florida panther (188). This cross-
species transfer was most likely the result of a single transmission of FeLV-A from a
domestic cat resulting in rapid, widespread transmission among panthers beginning in
2001, at which time 33% of panthers were seropositive for FeLV antibodies, with five
FeLV-associated deaths reported. This was a surprising finding given that, as recently as
1991, no evidence of exposure to FeLV-A was reported for the 38 Florida panthers
surveyed (188). In addition to FeLV-A, feline lentiviruses, particularly an isolate of puma
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lentivirus clade A (PLVA), originally recovered from bobcats (Lynx rufus), have gone on
to infect pumas in Florida and California (189, 190).

Intraspecies XRV Transmission

The original KoRV-A ERV genomic sequence was obtained from DNA extracted from
the blood and tissues of an Australian koala in 2000. An XRV KoRV, KoRV-B, was later
obtained from biological materials obtained from Los Angeles Zoo (LAZ) koalas. KoRV-B
most likely arose de novo in KoRV-A-infected koalas as a result of mutations introduced
during error-prone reverse transcription during KoRV-A replication or by recombina-
tion. The 17 related koalas at LAZ all contained the KoRV-A ERV, and nine koalas,
including three joeys that died and were ejected from the pouch and six adult koalas,
were both KoRV-A and KoRV-B positive (Fig. 5). Four of the six KoRV-B-positive adult
koalas died of lymphoid neoplasias, establishing a strong etiological link between
KoRV-B and malignant neoplasias (3). KoRV-B is not vertically transferred in the germ
line, as the KoRV-B-positive sire did not transmit KoRV-B to any of their offspring. In
contrast, all KoRV-B-positive dams transmitted the virus to offspring (Fig. 5), suggesting
that the virus may be transmitted in utero and/or in milk. Because KoRV-B uses a
receptor distinct from that employed by KoRV-A, it can infect KoRV-A-positive koalas
and even rescue and transmit the KoRV-A genome.

The feline leukemia viruses also participate in interspecies XRV transmission. Curi-
ously, FeLV-A and FeLV-B employ the same receptors as KoRV-B and KoRV-A, which use
the slc19a2 and slc20a1 transporters, respectively, as receptors. Additional KoRV XRV
envelope variants have now been discovered that apparently arise as a result of
evolutionary pressures that favor both host resistance and virus escape mutants (191).

Iatrogenic Transmission of GALV, REV, and RD-114

The first GALV isolates were partially sequenced in the early 1970s. Surprisingly,
given their use as vectors in cancer therapy, the complete sequences of five isolates
were not reported until 2016 (192). These are four isolates of GALV isolated from
captive gibbons, i.e., GALV SEATO (193, 194), GALV-H (195), GALV-Br (196), and GALV-SF
(197), and one GALV obtained as a contaminant in a human cell line (GALV-X) (198).

FIG 5 Summary of koala retrovirus (KoRV) statuses within a pedigree of 17 northern Australian koalas
kept at the Los Angeles Zoo. Red koala symbols denote individuals positive for KoRV-A (which is
ubiquitous in U.S. zoos), whereas the blue koala symbols denote individuals positive for KoRV-B (which
is not ubiquitous) and KoRV-A. Dead joeys ejected from the maternal pouch are depicted within squares;
each was positive for KoRV-B. Note that the pattern is consistent with maternal transmission of KoRV-B.
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Substantial variation has been observed among the different GALVs, with two isolates,
GALV-X and GALV SEATO, sharing only 87.1% nucleotide identity across their genomes
(44). Other genomic regions exhibit even lower identity; for example, the long terminal
repeats (LTRs) of GALV-X and GALV SEATO share only 69.6% identity (44). A closely
related gammaretrovirus, woolly monkey virus (WMV), is the apparent result of cross-
species transmission from a pet gibbon infected with GALV to a woolly monkey (a New
World species) kept in the same household (3). WMV, though referenced by ICTV as a
separate species owing to its retention of an oncogene, is also considered a strain of
GALV. Despite the high level of divergence between GALV-X and GALV SEATO, WMV
represents the most basal GALV and exhibits several strain-specific insertions in its LTRs
(192). Because gibbons, in contrast to koalas (see above), have not been reported to be
unusually susceptible to leukemias/lymphomas and GALV has not been isolated from
wild gibbons or gibbons in zoos (199), it is possible that GALV represents an inadver-
tently acquired pathogen that has run its course among captive gibbons.

GALV most probably originated when a gammaretrovirus was accidentally intro-
duced into captive gibbons in the SEATO colony in Thailand during experimental
studies of a malaria parasite in the latter half of the 20th century. In the early 1960s,
juvenile white-handed gibbons (Hylobates lar) were wild caught and then maintained
in the SEATO Medical Research Laboratory in Bangkok, Thailand, for research purposes
(200, 201). Reports on the number of animals in the SEATO colony suggest that
somewhere between 120 (202) and 195 (203) were present in the colony at any time.
An unprecedented incidence of chronic granulocytic leukemia (CGL) was reported for
the SEATO colony, occurring in 12 animals in total (201–203). The incidence of leukemia
was confined to the 92 experimental animals involved in malaria studies (13%),
compared to 0% of animals in the control group of gibbons (203).

In 1965, Southeast Asian gibbons were afforded legal protection, and the SEATO
laboratory was closed. However, laboratories in the United States imported captive
laboratory gibbons from Thailand for research purposes, through irregular channels
(200, 204). GALV isolates, including GALV SEATO, were subsequently obtained. GALV
SEATO was isolated from a gibbon in a U.S. research facility that had been inoculated
with bone marrow homogenate from one of the gibbons (designated S-74) that
succumbed to CGL after receiving a malaria inoculation at the Bangkok SEATO research
facility (194). Additional GALV isolates were obtained from healthy gibbons and from
the offspring of GALV-infected mothers, suggesting that GALV, once introduced into
gibbons, was efficiently horizontally transmitted (205). It is interesting that gibbons that
developed CGL were those receiving viral or malaria injections (194, 203), whereas
those that acquired GALV via horizontal transmission developed T-cell lymphomas (205,
206), the disease found in cats infected with FeLV-B (42) and koalas infected with
KoRV-B (3). The route of infection is also relevant for HTLV-2, with a profound increase
in viral evolutionary rate observed in intravenous drug users relative to that for sexually
transmitted viruses (207, 208). This likely reflects a larger and more diverse infectious
dose of virus transmitted by needle than by sexual transmission, with the latter often
representing a severe bottleneck on retroviral diversity.

Interestingly, a similar laboratory origin has been proposed for another gammaret-
rovirus transferred across species to an avian host. Although many endogenous gam-
maretroviruses in birds and reptiles have phylogenetic patterns indicative of cospecia-
tion with their host (209), the reticuloendotheliosis viruses (REVs) are a group of closely
related viruses isolated from gallinaceous birds that are similar to ERV sequences
present in two species of mongoose (210) and to a full-length REV present in short-
beaked echidnas (211). Their presence across these taxa strongly suggests the interclass
transmission of a mammalian ancestral retrovirus (209). REVs such as spleen necrosis virus
(SNV) were very likely derived iatrogenically from a mammalian gammaretrovirus during
a malaria study involving avian host animals in the late 1930s (210). It is presently
unknown if the retrovirus ancestral to avian REVs was present in the source animal from
which the malarial agent was originally obtained or represents a contaminant intro-
duced during serial passage. Whatever the case, animals that harbor REV-related ERVs
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do not overlap in biogeographic regions or overlap geographically with the avian
species that harbor REV XRVs, suggesting that a series of intermediate vectors, such as
bats (212–215), may have been involved in the dissemination of the ancestral virus, but
this remains speculative (210). REVs can also be found as homologs inserted in the viral
genomes of fowlpox virus and gammaherpesvirus-2 (210). The fowlpox virus containing
REV is particularly relevant because it is found in both captive and wild fowl popula-
tions. Hitchhiking of REVs is not the only example of an ERV integrating into DNA
viruses. Cocultivation of REVs and ALVs with turkey herpesvirus and Marek’s disease
virus, respectively, resulted in retroviral integration into the herpesvirus, in both cases,
after several passages (216). Similarly, field and vaccine strains of fowlpox virus have
been demonstrated to carry REV integrations (217). The demonstrated interactions
between retroviruses and unrelated DNA viruses suggest that recombination is a critical
means by which retroviruses may transport themselves from one host to another via
unrelated DNA viruses and independent of retroviral replication.

Live attenuated feline and canine vaccines have been demonstrated to harbor
RD-114, an infectious feline ERV (45). Contamination of vaccines, including the canine
parvovirus type 2 vaccine, is apparently the result of the manufacture of these vaccines
by use of cell lines, such as Crandell-Rees feline kidney cells or human rhabdomyo-
sarcoma TE671 cells, that are persistently infected with RD-114. RD-114 replicates
efficiently in both canine primary cells and established cell lines. The likelihood of
iatrogenic transmission of retroviruses is probably underestimated and perhaps unde-
tected, with the exception of the cases, such as those described above, that become
prevalent.

ERV ESTABLISHMENT AND MOBILIZATION
KoRV as an Example of a Retroviral Germ Line Invasion Leading to
Endogenization

Rodent source animals for GALV and KoRV. Most cross-species transmissions are
restricted to XRV somatic cell infections without invasion of the host germ line.
However, retrovirus-like elements in most mammalian genomes suggest that cross-
species transmissions can also result in germ cell infection, leading to the establishment
of ERVs. The host-virus evolutionary dynamics resulting in exogenous virus invasion of
the host germ line and ERV establishment within the host species are often obscured
by the millions of years that have elapsed since ERV colonization of the host species
germ line (218). An exception is the relatively recent endogenization of the koala ERV,
KoRV-A. KoRV-A is believed to have invaded the germ line of the koala recently, within
the last 50,000 years (6). Thus, the earliest stages of host germ line colonization, i.e.,
conversion from an XRV to an ERV, can be studied in the koala.

In 2000, Hanger et al. obtained a full-length KoRV-A genome that, based on its
genetic structure and functional motifs, was determined to be a gammaretrovirus (44).
Southern blot analysis suggested that KoRV-A integration patterns varied greatly
among unrelated koalas (44), as one might expect for an XRV that had integrated at
random chromosomal locations in each individual of the species. However, the KoRV
chromosomal integration patterns across the various tissues (including germ cells) of a
given individual koala were identical, which is characteristic of an ERV provirus (44). This
paradoxical picture suggested that KoRV was insertionally polymorphic, with integrants
present at different chromosomal locations in different individuals, rather than being
fixed across the species. This was also supported by pedigree analysis of a dam-sire-joey
triad study that examined 39 KoRV-A integration sites across the triad (6). The joey
carried only KoRV integrants present in either the sire or dam (showing that each
KoRV-A was transmitted by inheritance, not by infection). Yet the unrelated sire and
dam had only one integration site in common, supporting a high degree of insertional
polymorphisms across unrelated koala individuals, with KoRV-A at any one genomic
locus being shared by only a small proportion of koalas. Additional evidence also
supports a recent invasion of the koala germ line by KoRV-A. In another experiment
testing seven unrelated koalas, 429 5= and 331 3= distinct sequences were found to
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flank KoRV-A integration sites across the koalas, and 93% of these were unique to single
individuals (219). A subsequent study examined KoRV-A flanking sequences across 10
museum koala specimens, identifying hundreds of integration sites (214). Again, in that
study, more than 90% of these sites were unique to individuals, i.e., unshared by any
of the other sampled members of the species (219, 220). It is not clear whether the
small percentage of integrations shared across koalas may represent older integration
events. The insertional polymorphisms among KoRV-A proviruses are especially con-
sistent with a recent retroviral endogenization because no proviral integrations have
yet become fixed in the koala. Had sufficient time passed since endogenization, the
insertionally polymorphic KoRV-A loci would have either become fixed or been lost
entirely from the population. For very ancient ERVs, the genomic locations of ERVs are
fixed across all individuals in a lineage. Insertional polymorphisms in ERVs are thus an
indication of the recency of ERV endogenization. There also appears to be a trend that
sharing of integration sites among koalas is increasing with time, as more recently
collected museum samples share more integration sites than previously collected
samples (4). This is consistent with the expectation of the gradual loss or fixation of
ERVs at different integration sites due to random genetic drift. Additionally, within each
provirus there is an absence of mutational divergence between LTRs. Since the 5= and
3= LTRs are generated by duplication, they are identical within a provirus at the time of
proviral integration. Divergence via mutation of the two LTRs of an integrated provirus
can be used as a molecular clock to date the time since integration. In one study,
KoRV-A sequences were determined for the 5= and 3= LTRs of the proviral integrants at
10 separate koala genomic loci. Within each integrant, the 5= and 3= LTRs were identical,
indicating that these integrations occurred less than 22,200 to 49,900 years ago (6).

A final line of evidence that KoRV-A integration into the germ line is a recent event
is provided by the prevalence and copy number of KoRV among koalas, which vary
greatly with geographic origin (3). In northern Australia (Queensland and parts of New
South Wales), KoRV prevalence is 100%, with ca. 165 copies of KoRV detected per cell
(4). However, this may represent an overestimation, as the copy number of the recent
koala genome assembly had only 58 full-length KoRVs and an unrelated koala com-
prehensively examined for integration sites had 66 (Rebecca N. Johnson, Denis
O’Meally, Zhiliang Chen, Graham J. Etherington, Simon Y. W. Ho, Will J. Nash, Catherine
E. Grueber, Yuanyuan Cheng, Camilla M. Whittington, Siobhan Dennison, Emma Peel,
Wilfried Haerty, Rachel J. O’Neill, Don Colgan, Tonia L. Russell, David E. Alquezar-Planas,
Val Attenbrow, Jason G. Bragg, Parice A. Brandies, Amanda Yoon-Yee Chong, Janine E.
Deakin, Federica Di Palma, Zachary Duda, Mark D. B. Eldridge, Kyle M. Ewart, Carolyn J.
Hogg, Greta J. Frankham, Arthur Georges, Amber K. Gillett, Merran Govendir, Alex D.
Greenwood, Takashi Hayakawa, Kristofer M. Helgen, Matthew Hobbs, Clare Holleley,
Thomas N. Heider, Elizabeth A. Jones, Andrew King, Danielle Madden, Jennifer A.
Marshall Graves, Katrina M. Morris, Linda E. Neaves, Hardip R. Patel, Adam Polkinghorne,
Marilyn B. Renfree, Charles Robin, Ryan Salinas, Kyriakos Tsangaras, Paul D. Waters,
Shafagh A. Waters, Belinda Wright, Marc R. Wilkins, Peter Timms, and Katherine Belov,
unpublished data; Ulrike Löber, Matthew Hobbs, Kyriakos Tsangaras, Kiersten Jones,
David E. Alquezar-Planas, Yasuko Ishida, Joanne Meers, Jens Mayer, Anisha Dayaram,
Claudia Quedenau, Wei Chen, Rebecca N. Johnson, Peter Timms, Paul Young, Alfred L.
Roca, and Alex D. Greenwood, unpublished data). Some of the differences may be
accounted for by the large number of structurally rearranged KoRVs that may still be
detected as KoRV by quantitative PCR (qPCR) (306). In contrast, in southern Australia,
and particularly on southern Australian islands, such as Kangaroo Island, the prevalence
of KoRV is low (0 to 14%), and the detected copy number is also low (less than 1 copy,
on average, per cell) (4). Such a result, particularly for an ERV, makes sense if KoRV-A first
invaded the germ line of koalas in northern Australia, with only gradual gene flow to
(or infection of) southern Australian koala populations. One would expect that, over
time, the distribution of KoRV-A among koalas across Australia will gradually come to
resemble that seen for species with ERVs that are more ancient. Genetic drift would be
expected to remove some KoRV-A loci while fixing others. Gene flow across geographic
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regions would be expected to increase KoRV-A prevalence to the point that all
Australian koala populations would become 100% positive for endogenous KoRVs.
However, the number of eventual fixed KoRV loci in koalas would be gradually
equalized to an intermediate level between the low number in southern Australia and
the high number in northern Australia. Of course, this proposed scenario presumes the
persistence of koalas and of gene flow across the koala range, which may be ques-
tionable.

The spread and evolution of endogenous KoRV have been slow processes, as
established from historical DNA samples. Koalas were extensively hunted in the late
19th century and early 20th century, causing a large reduction in population that was
particularly pronounced in southern Australia. Repopulation of southern Australia was
heavily influenced by reintroduction of koalas to the mainland from populations
established on Phillip, French, Raymond, and Kangaroo Islands (4), which have low
KoRV prevalences. As these largely KoRV-free populations were established about a
century ago, it was postulated that KoRV entered the koala population in the last 100
to 200 years. However, when 28 koala skin museum samples were assessed for the
presence or absence of KoRV-A, the provirus was found to have already been ubiqui-
tous in northern Australian koalas in the late 1800s, directly excluding a very recent
origin (i.e., a few hundred years) for KoRV-A in koalas (221). The full envelope gene was
sequenced from five museum samples of koalas that ranged in year of collection from
1870 to 1980. Surprisingly little variation (20 polymorphic sites) was identified among
the KoRV-A sequences, regardless of the year of collection, suggesting that KoRV-A had
changed little across more than a century. This is consistent with KoRV-A being
endogenous and therefore subject to the low rate of mutation of the mammalian host
genome and inconsistent with the high rate of mutation that would be expected for an
exogenous gammaretrovirus due to the much higher effective population size and lack
of DNA repair mechanisms of an XRV. To provide a more comprehensive analysis, full
KoRV-A genomes were later sequenced from six historical koala specimens and one
modern zoo koala, spanning 130 years (219). This identified 138 polymorphisms, among
which 72 were detected in more than one of the koalas. There was evidence of
purifying selection (removal of deleterious genetic material) acting on the envelope
gene, although this likely reflects evolution of the virus before endogenization.

For retroviruses to manifest as they have in gibbons and koalas (i.e., as XRVs), they
must emerge from another host source (i.e., a host vector). Determining this preceding
host or reservoir species is a daunting task. No obvious characteristics of host ERVs (or,
for that matter, XRVs) mark them as particularly likely to engage in cross-species
transmission (211). However, genomic screening of 42 Australian vertebrate species
identified partial retroviral gene sequences with homology to GALV in DNA from the
rodent Melomys burtoni, a species endemic to Australia (222). However, as the full-
length genome and integration sites for Melomys burtoni ERV (MbERV) have not yet
been reported, it is unclear whether MbERV has exogenous potential or can be
transmitted to other species. Phylogenetically, MbERV is sister to the woolly monkey
virus (WMV), a basal member of the GALV clade. Recently, Alfano et al. screened 49
rodent samples belonging to 26 species from Southeast Asia, including Indonesia and
Papua New Guinea, by using target enrichment hybridization capture and high-
throughput sequencing (50). A subspecies of Melomys burtoni from one of the Maluku
Islands (Moluccas) of Indonesia contained genomic sequences with 98% identity to
WMV (a strain similar to but basal to GALVs). The virus, designated MelWMV, was fully
sequenced, with a single integration site identified in 6 different individuals of the same
species. The sequence contained a premature stop codon in the gag gene and a large
deletion within pol. Thus, MelWMV is a GALV ERV in a subspecies of Melomys burtoni on
an Indonesian island. The LTRs were identical, suggesting that it is also a relatively
recent integrant (not older than 291,000 years) into the Melomys germ line.

The two melomys GALVs identified suggest a complex picture for the origins of
GALV and KoRV. Curiously, the habitats of gibbons and Melomys burtoni do not overlap.
MbERV is in a species that is biogeographically separated from gibbons. Melomys
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species are not present west of Wallace’s Line (a faunal boundary maintained by deep
oceanic separation of islands) (223), while gibbons are not present east of Wallace’s Line
(Fig. 6). This appears to rule out a direct transmission from the Maluku melomys
to gibbons, as the Indonesian subspecies of Melomys burtoni is not sympatric with
gibbons. Regardless, the detection of GALVs in wild rodents suggests that they may
have played a role in the transmission of GALV- and KoRV-like viruses. A tentative
scenario based on current findings is that one or more melomys or related species,
possibly no longer detectably extant, may have crossed Wallace’s Line while carrying a
virus similar to GALV. At some point, the virus infected gibbons, e.g., at the SEATO
facility in Thailand. Alternatively, a GALV-infected rodent (or bat) from the Australo-
Papuan region was imported into the SEATO facility. As more species are sampled,

FIG 6 Geographic distributions of species harboring KoRV, GALV, and related retroviruses. Red shading indicates the historical distribution of the white-handed
gibbon (Hylobates lar); five GALV strains have been isolated from this species. The range of several species of Mus (Mus cervicolor, Mus dunni, and Mus musculus),
carrying McERV (296), MDEV (297), and MmERV (298), respectively, is indicated in blue; Mus was originally proposed as the source of GALV. The green region
approximates the range of koalas (Phascolarctos cinereus) in eastern Australia, many of which carry KoRV-A. The distribution of KoRV-B among wild koalas has
yet to be determined. Orange shading indicates the range of Melomys burtoni and the two GALVs identified in this species: MbERV and MelERV. The broken
brown line and shading indicate the overall distribution of the genus Melomys. Wallace’s Line (dashed black line) is a biogeographic (deep water) barrier
separating the terrestrial fauna of Southeast Asia, including western Indonesia, from that of eastern Indonesia, New Guinea, and Australia. (Photographs courtesy
of Serge Morand and CeroPath [rodents], Tilo Nadler [gibbon], Daniel Zupanc [koala], and Neil Furey [bats].)
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additional GALV- or KoRV-like viruses may be detected among the Southeast Asian or
Australo-Papuan fauna. There are several dozen untested species of Melomys in this
region, in addition to many other widely dispersed rodent and bat lineages that have
crossed Wallace’s Line.

Rodents and bats as potential recurrent vectors for retroviruses transmitted
across species. KoRV, GALV, and the ERVs found in Melomys form part of a clade that
includes related ERV and XRV isolates from swine, bats, bears, orcas, felids, and humans,
which is indicative of cross-species transmissions that occurred during the evolution
and spread of gammaretroviruses among mammalian species (Fig. 7). There is evidence
that the evolution of this viral genus has involved many bat lineages, as several
gammaretroviral ERVs have been identified in bats. The bat viruses occupy basal
positions in the phylogeny (Fig. 7), suggesting that some gammaretroviruses in other
species may have originated in bats. However, a recent analysis of gammaretroviral
diversity in a larger number of rodents and bats suggests that for ERVs in the bat
Rhinolophus ferrumequinum, related gammaretroviruses in shrews were basal to those
in bats (214). The study also suggests that bats and rodents generally harbor more
retroviral diversity than other mammals and that rodents may have been the source of
several retroviral lineages that infect bats. A series of studies found that, in general,
rodents are the originators of class I retroviruses, and specifically, 9 of 14 class II
retroviral clades identified previously (201) had rodent viruses in a basal position (213,
215, 224, 225). However, bats clearly have played a role in retroviral cross-species
transmission, with phylogenomic analysis of ERV diversity across mammals placing bat
as well as rodent viruses at basal positions in major retroviral clades (214, 225).

One hypothesis is that smaller mammals can tolerate higher levels of retroviral
replication than those tolerated by larger mammals, which would explain why rodent

FIG 7 Summarized phylogenetic relationships of KoRVs, GALVs, and related gammaretroviruses. Rodent
retroviruses are shown in red, bat retroviruses are shown in green, retroviruses within the GALV clade are
shown in blue, KoRVs are shown in yellow, and related gammaretroviruses from other taxa are shown in
gray. Lineages under episodic diversifying selection within the GALV-like viruses are marked with red
asterisks.
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and bat viruses occupy basal positions in so many retroviral clades (226). As retrotrans-
position is intrinsically mutagenic, there is an associated risk of oncogenesis with active
retroviral replication. Smaller mammals tend to reproduce early and frequently and to
produce large litters. In contrast, large mammals reproduce at older ages and are
therefore under greater selective pressure against the development of cancers early in
life. Such selective pressure would tend to make them relatively intolerant of retro-
transposition. This could account for a relatively high diversity of ERVs in rodent and
some bat species, since many species in these orders mature rapidly and reproduce at
a relatively young age.

Given that gibbons are not likely to be the original source of GALVs, the natural
strain diversity of GALV is probably undersampled. An increasing number of retrovi-
ruses with various degrees of similarity to GALV have been described for diverse
mammalian taxa. For bats, two types of retroviruses homologous to GALV have been
described. Rousettus leschenaultia retrovirus (RlRV) has been detected in the megabat
Rousettus leschenaultia, which ranges across South Asia, southern China, and Southeast
Asia (213). On phylogenetic trees, RlRV is present at a basal position (i.e., at the root or
ancestral split) or groups with the porcine endogenous retrovirus (PERV) retroviral
clade. RlRV and PERV are basal to the diverse clade that is formed by Mus caroli
endogenous retrovirus (McERV), Mus musculus endogenous retrovirus (MmERV), Mus
dunni endogenous retrovirus (MDEV), GALV, and KoRV (Fig. 7). Megaderma lyra retro-
virus (MlRV) has been detected in the microbat Megaderma lyra, which is distributed
across South Asia, southern and central China, and the Southeast Asian mainland. In
phylogenies, MlRV either clusters with MDEV or is basal to MDEV and the other
retroviruses in the diverse clade. The grouping of these gammaretroviruses coheres to
some degree with biogeography, because the two bat species are found in Southeast
Asia, and the region is also a center for swine biodiversity. Another mammalian lineage
harboring homologous retroviruses is comprised of the ursine bears, including black
(Ursus americanus), brown (Ursus arctos), and polar (Ursus maritimus) bears (227).
UrsusERV is found in all ursine bears but not in pandas or tremarctine (spectacled)
bears. Some copies of UrsusERV in polar bears appear to have intact open reading
frames (ORFs) and are insertionally polymorphic within this species, suggesting a
relatively recent origin for polar bear UrsusERVs. Based on gag and env sequences,
UrsusERVs are basal to PERVs (Fig. 7). Placement on phylogenetic trees may be affected
by recombination; for example, the pol gene sequences of McERV and MDEV place
them in positions different from those seen with the gag and env sequences.

Our understanding of the evolutionary history of gammaretroviruses is affected by
the availability of host genome sequences. For example, although the extant ursids are
not a particularly species-rich group, full genomic screens for ERVs are possible for each
of these species. In contrast, rodents and bats are the most species-rich mammalian
orders (at least 2,268 and 1,133 species, respectively), but only a very small number of
their species relative to the total have been screened for viruses. It seems very likely
that as genomic sequences are generated for larger numbers of mammalian species,
many additional gammaretroviruses (perhaps including GALV relatives) will be identi-
fied.

Identification of reservoir or intermediate host species is challenging, and in cases of
ancient cross-species transmissions, it may be impossible if the original virus or viral
host is extinct. This limitation to a comprehensive knowledge of mammalian-retroviral
coevolution must be acknowledged, especially because frequent cross-species trans-
missions of ERVs (211, 228) and XRVs have occurred across a broad range of mammalian
taxa. Insights into how retroviruses have spread may be provided by examining the
diverse fates of retroviral invasions of the germ line in diverse taxa.

Activation of Established ERVs
One retrovirus, three fates. Once a retrovirus becomes established in the germ line

of a species, multiple fates await. A rigorous study of a single retroviral group (Myotis
lucifugus ERV [MlERV] and related viruses) in three different taxa— bats, pangolins, and
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felids— demonstrated three distinct evolutionary trajectories (226). In the pangolin
lineage, shortly after endogenization, the MlERV-like Manis pentadactyla ERV1 (MPERV)
failed to proliferate substantially, generating only two ERV copies. In contrast, the feline
MlERV-like virus FcERV_�6 generated several hundred ERV copies that fell within a
single viral clade and could be identified in domestic cats (Felis catus) and tigers
(Panthera tigris) but not in nonfelid carnivores. Among bats, MlERVs are found in four
vesper bat genera. The proliferation and diversification of MlERVs were more profound
in bats than in the other lineages, with three distinct MlERV lineages identified and with
hundreds of proviruses per clade. Few of the integration sites were shared among bat
species, suggesting that MlERVs have repeatedly been infecting and/or intracellularly
proliferating within the vesper bat lineage over millions of years, a process that may still
be ongoing. Therefore, one retroviral group produced three different outcomes in
mammals: limited proliferation in pangolins, clade-specific proliferation of a single viral
type within felids, and repeated infection and proliferation among vesper bats.

env changes mediating ERV success. It has been suggested that following endog-
enization, the ability of retroviruses to proliferate in the host germ line is enhanced by
degradation of the env gene (229). Proviruses that maintain coding potential in all open
reading frames tend to have lower copy numbers in the host germ line than those of
proviruses that have degraded genomes. In particular, proviruses that lose most or all
of the env region appear to become genomic superspreaders (229). This holds true for
a variety of retroviral groups and follows the expected trajectory for an infection
whereby 20% of the viral lineages account for 80% of the viral loci (Pareto effect). What
is not clear is whether this process occurs early in endogenization or over time. Because
most ERVs are quite ancient, the events that enabled and followed endogenization are
difficult to infer (see above). However, the findings are consistent with the critical role
that Env proteins play in retroviral function. The complete abrogation of Env function
in many ERVs suggests that it is important to virus and host that the ability of ERVs to
interact with the viral receptor be restricted.

In the case of intracisternal-A-particle-related envelope-encoding (IAPE) elements,
proviral elements of betaretroviral origin, a mechanistic explanation has been proposed
to account for the transition from an ERV with exogenous potential to an ERV that can
proliferate endogenously (230). IAP elements, in contrast to IAPE elements, are a group
of ERVs that typically contain LTRs and gag and pol genes but lack env (231). The IAPE
elements are IAP-related elements that carry the env gene (232). A single endogenous
“living fossil” copy of IAPE behaves as if it were an exogenous retrovirus in that it
produces particles that can bud from the extracellular membrane. In contrast, other
IAPE elements are present at high copy number but lack the ability to generate viral
particles. Sequence comparisons between the two types of elements revealed that IAPE
elements that are unable to bud from the cell membrane have acquired a sequence
that targets them to the endoplasmic reticulum, which prevents them from budding
at the cellular membrane and producing exogenous virus. Additionally, laboratory-
generated IAPE mutants missing all or most of env would undergo retrotransposition,
whereas the intact “living fossil” virus could not. Since only minor changes within the
sequences coding for the matrix protein led to the dramatic switch to exclusive
within-cell retrotransposition, this could occur quite rapidly from an evolutionary
perspective. While IAPE elements are not gammaretroviruses, the rapid transition from
conditions favoring exogenous states to those favoring endogenous states, mediated
by relatively few genomic changes, may be generally applicable to retroviral endog-
enization. However, IAPE elements are millions of years old, like many known ERVs, and
thus it is unclear which mutations occurred at which point during the endogenization
process or when such dramatic switches occurred within different host and viral
lineages. Such an analysis requires examination of more recently endogenized or
currently endogenizing retroviruses (3).

Recombination and successful ERV invasion. Postinvasion, there can be exchanges
of envelope sequences among retroviruses (233). Surprisingly, such exchanges can involve
retroviruses that affect taxonomically distant hosts. For example, the alpharetrovirus
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Tg-ERV-F, an ERV of songbirds, was found to have a mammalian gammaretrovirus-
derived env gene (20). How this recombination occurred is not clear, but the acquisition
of a gammaretroviral envelope may have aided in the spread of this alpharetrovirus
among songbirds over the last 4 million years. Envelope swapping is likely common, as
mammalian IAP element invasions in shrews and guinea pigs were preceded by an
envelope switch that exchanged the IAP envelope with a betaretroviral env sequence
(229). Another potential example is the similarity observed between MLV and HTLV Env
SU domains (233). The structural and sequence identities of the SU domain between
MLV and HTLV and the dissimilarity of all other retroviral sequences may be the result
of an MLV env capture by HTLV. In the case of feline leukemia viruses (FeLVs),
recombination between FeLV-A and endogenous FeLVs leads to the generation of
FeLV-B retroviruses with altered cellular tropism (234). In the case of MLVs, endogenous
ecotropic MLVs can be remobilized as exogenous MLVs by recombination with poly-
tropic MLVs (235). The use of ERVs as reservoirs for acquisition of new env sequences
by XRVs or the use of XRVs to remobilize ERVs can have a significant impact on the
evolution of the recombinant exogenous retroviruses.

ERVs can be coopted by their hosts. Another fate of ERVs is to be coopted or
“domesticated” by the host for a variety of biological processes. For example, the LTRs
of ERVs may alter gene expression of neighboring genes in ways useful to the host, as
is the case for the human salivary amylase gene (236). Using transgenic mice, it was
shown that the integrated ERVA1C element upstream of the AMY1C gene is sufficient
to promote tissue-specific expression, suggesting that the ERV was coopted into
modifying AMY1C expression during primate evolution. Many additional examples of
such retroviral control of genes have been documented (237) and appear to be a
general evolutionary benefit of retroviral colonization of germ lines.

However, coopting of LTR sequences to alter host gene expression is not the only
phenomenon observed. Protein coding sequences of ERVs have also been coopted in
mammalian evolution to perform crucial biological roles. One of the most intensively
investigated domestication events involves syncytin genes. Initially, a HERV-W ERV env
gene was identified as a gene encoding a crucial fusogenic protein involved in human
placentation, and it is now designated syncytin 1 (238). HERV-FRD, a second domesti-
cated human ERV with a similar function, has been designated syncytin 2. Domesticated
ERVs with similar biological roles have also been identified in mice, rabbits, cattle, and
sheep (239, 240). A surprising finding is that the coopted ERVs do not have a common
origin, and thus endogenous retroviruses that integrated independently of each other
in different mammalian lineages have been coopted for similar roles. Another recent
example of ERV domestication involves a HERV-T Env protein that has been uniquely
preserved during evolution. The Env protein can block a receptor (monocarboxylate
transporter-1 [MCT-1]) that was used by the ancestor of HERV-T and prevent infection
with an ancient HERV-T-pseudotyped virus by blocking the receptor on the cell surface
(241). Thus, ERV proteins likely play a role in host defenses against retroviral infection.

Postendogenization silencing of ERVs. Uncontrolled proliferation of ERVs in the
germ line by retrotransposition must be blocked if the host lineage is to survive.
Expression of ERVs is required for their retrotransposition, and therefore epigenetic
modification of ERVs has been found to be important in controlling them. Studies of
primate ERV expression, including expression of HERVs, indicate a complex and tissue-
specific expression of ERVs (242, 243). However, not all ERVs are expressed, and many
are silenced by CpG methylation. A study of porcine endogenous retroviruses (PERV-A
and PERV-B) reported that the vast majority of proviruses in 15 different tissues were
heavily methylated, resulting in reduced expression (244). PERV expression derives from
only a few proviral insertions that are hypomethylated. The expression of these PERVs
indicates that methylation control of ERVs is not absolute but that, nonetheless,
methylation can substantially reduce the number of potentially active ERVs.

Methylation-based control is also determined by developmental stage. Some
HERV-K elements (those of the HML-2 group) are insertionally polymorphic in humans
(245). Some of the youngest of these elements can escape suppression by methylation
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during early embryogenesis and are expressed starting at the eight-cell stage (246).
Expression of intracellular viral particles can be detected and HERV-K expression can
inhibit viral infection in experimental systems. Therefore, some of the limited permis-
siveness of ERV expression may be tolerated because of benefits to the host, much like
coopting gene products of ERVs that can serve host functional roles.

Repression of IAP elements involves both positive and negative epigenetic mech-
anisms whereby methylation of cytosines enhances and hinders, respectively, activa-
tion of a given IAP element (247). The role of methylation in silencing ERVs is not always
a direct mechanistic way of preventing transcription factor access to viral LTRs or
prevention of transcription of viral protein coding sequences. A recent study of DNA
(cytosine-5)-methyltransferase 1 (Dnmt1) knockout embryonic stem cell lines (ESCs)
suggested that additional factors are required to repress IAP element expression (247).
Although hypomethylation of DNA occurs at IAP ERVs in Dnmt1 knockout mice, IAP
elements are not strongly derepressed (247). The nuclear protein Np95 (Uhrf1) recruits
Dnmt1 to hemimethylated DNA. In knockouts of Np95, hypomethylation occurs as in
the Dnmt1 knockouts. Aberrant IAP element expression is observed; however, this is
associated with accumulation of hemimethylated DNA. In a double knockout of Dnmt1
and Np95, IAP elements were not repressed, suggesting that Np95 is necessary for IAP
element expression in hypomethylated DNA. In vivo studies of mouse embryos reca-
pitulated this result, showing that Dnmt1 knockout mice had derepressed IAP elements,
whereas Np95 or double knockout mice did not show derepressed IAP elements to the
same degree. The hemimethylated DNA binding protein Setdb1 (SET domain, bifur-
cated 1) is able to suppress ERV expression itself, even in hypomethylated DNA. It
appears that Np95 binding to IAP element DNA disrupts Setdb1 binding, leading to
derepression of the IAP elements. The degree of disruption is largely IAP element
specific, which can be explained by the unusually high CpG content of IAP elements
relative to those of other ERVs. Moreover, there is evidence for a role of these proteins
in repression and derepression of other ERVs. The example of IAP elements serves to
show that methylation-based ERV suppression is intricate and complex.

Retroviral restriction genes. Retroviruses are ancient and are estimated to be
almost half a billion years old in vertebrates (248). This suggests that conflicts between
retroviruses and their hosts have been ongoing throughout the evolution of vertebrate
lineages. A result of this host-pathogen conflict has been the evolution of a suite of
genes that hamper the replication of retroviruses. Many were discovered through the
study of genetic variants in HIV-1 cohorts. However, HIV infections of humans are
evolutionarily very recent (153), and antiretroviral genes evolved in response to re-
peated infections by XRVs and ERVs (249). The best-characterized antiretroviral genes
include the apolipoprotein B mRNA editing enzyme catalytic polypeptide-like (APOBEC),
tripartite motif containing 5� (TRIM5�), tetherin (BST2), and sterile alpha motif histidine-
aspartic domain-containing protein 1 (SAMHD1) genes.

The APOBEC gene family varies among vertebrates. While primates have 11 APO-
BECs, more primitive vertebrates have fewer, and invertebrates have only one (250).
Three of the APOBEC proteins within the APOBEC 3 group have retroviral restriction
ability (APOBEC3G, -F, and -H). Of the three, APOBEC3G has the strongest restriction
activity. APOBECs are copackaged in viral particles, bind to the polymerase during
reverse transcription, and cause the deamination of cytosine, causing guanosine-to-
adenosine hypermutation in the resulting viral DNA genomes that are integrated into
the host genome. The same pattern is observed in a variety of endogenous retroviruses
and other retroelements, such as LINES and SINES, that are also susceptible to restric-
tion factors (249). This is evident as an excess of G-A transitions in ERV genomes. Of
particular relevance to KoRV and koalas, the APOBEC 3 group originated after the
marsupial and eutherian lineages diverged from a common ancestor, leaving
marsupials without this retroviral restriction enzyme (251). This may partly explain
the invasion of the koala genome by KoRV.

TRIM5� is also a post-viral-entry retroviral restriction protein. Although it is not
entirely clear how TRIM5� inhibits retroviruses, it is known to bind the viral capsid
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postentry and results in the failure of cDNA production as a result of this binding (252).
TRIM5� proteins of a given species are relatively poor at restricting viruses isolated from
the host, most likely because the viruses that are isolated will be those most resistant
to the host protein. However, TRIM5� proteins are likely to be formidable barriers to
some retroviruses that attempt to cross species barriers. For example, although human
TRIM5� is largely ineffective at restricting HIV-1, it is effective at inhibiting a revived
chimpanzee ERV (PtERV1) (253).

Tetherin or BST2 restricts retroviruses postreplication by binding the cellular mem-
brane and the lipid envelope of budding viral particles, preventing their release (252).
This results in an accumulation of budding viral particles and subsequent sequestration
in endosomes. While it is known as a retroviral restriction factor, BST2 can restrict other
enveloped viruses as well.

A more recent discovery is SAMHD1, which can inhibit cDNA synthesis of HIV-1
when viral protein X (Vpx) is inhibited (254). Less is known about its ability to restrict
the replication of endogenous retroviruses; however, it is likely that gammaretroviruses,
such as MLV, are also blocked by SAMHD1 (255). More retroviral restriction genes are
likely to be discovered, potentially including genes that inhibit the invasion of the germ
line by novel ERVs. The long evolutionary conflict between retroviruses and vertebrates
has led to the evolution in vertebrates of an effective set of countermeasures to
retroviral infection and ERV proliferation.

CONCLUSIONS: RETROVIRUS-HOST COEVOLUTION

For the Orthoretrovirinae, the major determinant of transmission and, in many cases,
of pathogenesis is the viral envelope. Envelope complementation and recombination
events that occur among gammaretroviruses or between gammaretroviruses and
alpharetroviruses, betaretroviruses, or deltaretroviruses have led to an assortment of
retroviruses with altered receptor usage. Remarkably, this multiplicity of recombinant
and nonrecombinant TM class 1 orthoretroviruses as well as the singular class 2
recombinant TgERV-F (20) (Fig. 4) all rely on a small number of receptors that share the
ability to carry solutes across membranes (Fig. 8).

Some 362 proteins (in humans) are encoded by the solute carrier (SLC) gene
superfamily; these are organized into 55 families based on the substrates that they
transport, e.g., fatty acids and lipids, amino acids, sugars, inorganic anions and organic
anions, oligopeptides, essential metals, urea, vitamins, bile salts, and others (28). Yet
among this vast array of transporters, retroviruses generally employ only those en-
coded by 11 genes (Fig. 8; Table 3) across species. For example, the bovine leukemia
deltaretrovirus (BLV) (Ivanova et al., submitted) and the ecotropic murine retrovirus
(E-MLV) (66) are in distinct retroviral genera, yet both use the cationic amino acid
transporter as a receptor (Fig. 8; Table 3). Likewise, the SLC used by the recently
endogenized KoRV-A, recombinant FeLV-B, and exogenous GALV and 10A1 retroviruses
is encoded by slc20a1 (human designation). Thus, the SLC transporters shown in Fig. 8
have repeatedly been used by TM class 1 orthoretroviruses (Fig. 4).

The interplay between XRV, host, and ERV provides opportunities to examine very
long-term and recurrent interactions among pathogens and their hosts. Viral envelope
coevolution with a host receptor may occur in the absence or presence of a related ERV.
Because this process occurs in many different lineages of virus and host yet typically
involves the same small group of SLC receptors, a comparative approach holds promise
for the study of virus-host coevolution and receptor-associated pathogenesis, especially
if analogous changes are recurrent across lineages. The structural elements within the
receptor binding domains of Env that allow independent (convergent or parallel)
evolution may be identified by comparing otherwise unrelated viruses that use the
same receptor; for example, FeLV-B, GALV, 10A1-MLV, and KoRV-A have all evolved to
use PiT1 (27, 46). Likewise, receptors may show common elements; for example, the
identified receptors for mammalian retroviruses that contain envelopes in which the
TM domain is joined to the SU moiety via covalent disulfide linkage (Fig. 4) function as
SLC transporters in their mammalian hosts (Table 3; Fig. 8).
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Cross-species infections by retroviruses provide an additional level of complexity,
because the viral envelope must adapt to the immune system of a novel host that may
also have SLC transporters divergent in structure from those of the original host. A
number of studies have successfully explored the temporal, geographic, and genetic
requirements for expansion and restriction of viral host ranges and the balance
between viral pathogenesis and propagation (17, 224, 257). The lentiviruses that gave
rise to HIV recurrently crossed the species barrier from other species before one of the
interspecies transfers gave rise to a pandemic in humans (164), and the GALV-like
viruses only recently infected a number of gibbons and a woolly monkey. Signatures of
episodic diversifying selection that may reflect adaptation to the receptors and immune
systems of novel hosts have been detected in GALVs. There is now evidence that GALV
is likely to have had an iatrogenic origin (204). Since iatrogenic transmission is also
supported for REV (210), and potentially for RD-114 (45), the risk of such interspecies
transfers should not be underestimated.

The dynamics of virus-host coevolution in some cases extend across vast periods.
Genomic studies can identify endogenous retroviruses, which have been referred to as
molecular fossils, since they record events that occurred in the distant past. Like fossils,
ERVs provide only a very limited record of the history of retroviruses. Only a minuscule
proportion of exogenous retroviruses would have invaded host germ lines, while the
genomic record of invasions is constantly being eroded by mutations or recombination
in host genomes. Nonetheless, information about past retrovirus-host interactions can
be obtained by using currently available genomic methods. The cataloging of retrovi-
ruses into taxonomic categories should also be useful in providing a broad systematic
overview of retroviral relationships and evolution (Table 1). Phylogenetic studies have
identified a strong role for recombination in retroviral evolution (218), with chimeric
subgenomic components showing differences in evolutionary rates (20). Rates of

FIG 8 Phylogeny of retroviral envelope sequences (left) and gene sequences (right) of the host receptors used by viruses.
Phylogenies were inferred using the neighbor-joining method implemented in MEGA v7.0.18 (299). Human gene sequences
were used to generate the tree of receptor gene sequences, with slc01a2 (28) used as the outgroup. ALV-J was used as the
outgroup for the virus phylogeny, which includes the viruses listed in Table 2. Bootstrap values of �80% for 10,000 replicates
are shown. Colored lines connect each virus to the gene for the receptor that it uses. GenBank accession numbers for
gammaretroviruses are as follows: 10A1-MLV, M33470; A-MLV, AF411814; X-MLV, m59793; P-MLV, KJ668271; E-MLV, KJ668270;
M813, AF327437; HEMV, AY818896; FeLV-B, K01209; FeLV-A, AF052723; FeLV-C, U58951; GALV, KT724048; KoRV-A, AF151794;
KoRV-B, NC_021704; HERV-W, AH013146; REV, KU204702; RD-114, NC_009889; BaEV-M7, NC_022517; SRV, U85505; ALV-J,
KP284572; BLV, M35242; and HTLV-I, AB600229. GenBank accession numbers for receptor genes (human gene product) are as
follows: XPR1 (ND), NM_004736; slc20a1 (PiT-1), NM_005415; slc20a2 (PiT-2), NM_001257180; slc19a2 (THTR1), NM_006996;
slc49a1-4 (FLVCR1), NM_014053; slc5a3 (SMIT1), NM_006933; slc7a1 (MCAT), NM_003045; slc1a5 (ASCT1), NM_005628; slc1a4
(ASCT2), NM_003038; slc01a2, NM_134431; and slc2a1, NM_006516.
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mutation are also much lower among ERVs than among XRVs, since the former are
subject to the lower evolutionary rates of host genomes.

Most retroviral studies have been conducted on humans, model organisms, and
agricultural animals. Additional insights into the biogeography and interspecies transfer
of retroviruses can be provided by comparative studies involving species not typically
utilized for biomedical research. The clade containing GALVs, KoRV, and related retro-
viruses now comprises an important system for examining the evolution and biogeo-
graphy of retroviral interspecies transmission (Fig. 7). Retroviruses in this clade have
been detected among koalas (KoRV) and rodents of the genus Melomys (MelWMV and
MbERV) in the Australo-Papuan biogeographic region (Fig. 6). Related viruses have
been found in Southeast Asian taxa (Fig. 6), including gibbons (GALV), mice of the
genus Mus (MmERV, MDEV, and McERV), bats (MIRV), and pigs (PERVs). The phylogeog-
raphy of this clade indicates that interspecies transfers of retroviruses have occurred
within each biogeographic region as well as between the two biogeographic regions.
As genomic sequences are generated for larger numbers of host species, many addi-
tional gammaretroviruses will be identified, perhaps including additional members of
this clade. Greater insights into viral transmission across species within these biogeo-
graphic regions or between the two biogeographic regions may result. The degree to
which retroviral clades are biogeographically constrained or widespread would thus be
further elucidated. Phylogenetic analyses of currently identified retroviruses have often
placed rodents or bats in basal positions (214, 225). Additional genome sequences
would help to establish whether bat and rodent retroviruses play an outsized role in the
dynamics of retroviral transmission across species within and (especially for bats) across
biogeographic regions.

Following endogenization, ERVs are known to face a variety of fates in their host
germ lines. They may lose infectivity through disruptive mutations, recombination
(often within the same ERV provirus), methylation, and other host defenses (258). Some
integrants have the potential to be disruptive and detrimental to the host (259). LTRs
may function as promoter elements that can affect nearby host genes (228). ERVs may
affect exogenous retroviruses through receptor interference and through recombina-
tion (2). Some ERVs have been coopted or “domesticated” for a functional role
benefiting the host lineage (260). Thus, ERVs affect host evolution while also shaping
future interactions between the host and XRVs. Genomic approaches comparing
retroviruses across taxa provide additional insights. For example, examination of MlERV-
like ERVs across mammals revealed different outcomes in each of three taxa: limited
proliferation in pangolins, proliferation of a single viral type within felids, and repeated
infection and proliferation among vesper bats (226). Likewise, examination of ERVs
across 38 taxa revealed that the loss of the env gene was associated with a greater
proliferation of ERVs in host germ lines (229). The characterization of syncytin genes in
various mammals has shown that these domesticated ERVs do not have a common
origin, and thus endogenous retroviruses representing independent integrations in
different mammalian lineages have been coopted for similar functions (261–263).
Identification of syncytins across a broader array of mammalian species may identify
how different ERVs affect placental formation and chronicle the appearance and
turnover of domesticated ERVs. Other host functions performed by coopted ERVs may
also be revealed through genomic screening.

Comparative studies are vital for understanding ERV-like elements, which comprise
8% of the human genome, representing many distinct retroviral invasions of the germ
line (260). KoRV is especially noteworthy due to the relatively recent invasion of the
koala germ line by this ERV (264). Koalas and KoRV provide a system for examining
ERV-host interactions at the earliest stages of endogenization, and in particular the
roles of population genetic processes, such as selection, drift, mutation, population
structure, gene flow, and recombination. By use of museum samples, KoRV proviral
genomes have been shown to remain conserved for many generations (219). The
relatively low evolutionary rates of the host may hinder mutualistic accommodation
between KoRVs and koalas, causing the detrimental effects of ERVs on hosts to persist
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for extended periods. KoRVs in the koala germ line are found at a very large number of
genomic loci, each at a very low frequency, likely producing a high mutational load in
host populations (6). Thus, the many retroviral germ line invasions detected in the
human lineage may each have produced deleterious effects for long periods. As
genomes are sequenced for additional species, additional ERV invasions may be
identified that are occurring in “real time,” allowing for determination and comparisons
across species of the earliest events that follow retroviral endogenization.

APPENDIX
Methods for Genome-Wide Detection of ERVs

This appendix describes methods that can be used to obtain information on ERVs
across the genomes of host species. There are several challenges associated with
characterizing ERVs genome-wide, notably the high sequence similarity of proviruses
at different genomic locations, mutations and divergence of individual proviral se-
quences, and the high copy numbers of many sequences. Approaches to these
challenges depend on the question being addressed, such as the following. Is a specific
ERV present in a given species? What is the full-length proviral sequence(s)? Where and
how often is each ERV integrated into the genome? Each of these questions can be
addressed by relying on different methodologies (Fig. A1).

PCR and low-throughput methods for ERV detection. PCR based on conserved
retroviral domains has been successful in identifying many viruses, but it has draw-
backs. Only fragmentary information is generated, and the products may represent a
mixture of ERVs that does not cover the complete, diverse population of high-copy-
number viruses when cloned and subsequently sequenced. This is not a trivial issue, as
it may be difficult or impossible to extend such short sequences by PCR to recover
full-length proviruses. This is illustrated by the Melomys burtoni ERV, MbERV, which is
represented by 2 PCR products. Twenty-two primers were developed to amplify the
provirus, among which 18 failed to yield a product, and thus the full genome could not
be completed (222). While the pol gene is relatively useful for primer design, primers
designed to amplify conserved regions may also amplify a wide variety of related
retroviruses, while the extent of sequence divergence in other parts of the retroviral
genome precludes the design of comprehensive pan-retroviral PCR primers.

An additional drawback to PCR-based approaches for identifying retroviruses is the
sensitivity of PCR to reagent contamination, particularly in the case of poorly charac-
terized species. The xenotropic murine retrovirus-like retrovirus (XMRV) was first iden-
tified in human prostate cancer patients and subsequently found at a high prevalence
in human patients suffering from chronic fatigue syndrome (265, 266). In both in-
stances, it was postulated that rodent-to-human cross-species transmission of XMRV
was the underlying causal factor leading to clinical symptoms. However, these findings
were later found to be spurious and due in part to contamination by a recombinant
retrovirus derived from mouse cell lines used for culture of human prostate tumors
(267) or due to the high frequency of low levels of contaminating rodent DNA,
including rodent ERVs, in commercially available kits for reverse transcription, DNA and
RNA extraction, and Taq DNA polymerase (268–272). Xenotransplantation that includes
grafting of human and murine tissues can also lead to the acquisition and propagation
of MLVs (273). The origins of the various MLV contaminations are not entirely clear but
strongly suggest that when employing conserved PCR primers to identify novel retro-
viruses, one must be extremely cautious in interpreting the origins of the amplified
fragments.

Proviral genome characterization. Full-genome proviral characterization is more
difficult than determining a fragment of a novel provirus, particularly if it is present at
a high copy number. The simplest method, yet the rarest employed because of cost and
difficulty, is high-coverage sequencing of a given genome in large fragments, for
example, by using PacBio long sequence reads. Each integrant may be sequenced
independently and the unique integration site linked to a specific provirus. If se-
quenced to a deep enough depth, rarer XRV somatic integrations will also be detected.
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FIG A1 Methods used to determine whether a given sequence is present, to characterize full genomes by hybridization capture (HC),
and to characterize ERV integration sites by inverse or linker-based PCR approaches. (A) Southern blotting and pan- or broad-specificity
PCRs are shown as examples of low-throughput methods. Southern blotting will provide information on whether homologous
sequences are present in a given DNA extract but not whether the sequences are closely related, divergent, or a mixture of both.
PCR-based approaches using conserved retroviral gene regions can produce limited sequence information from single or low-copy-
number ERVs. However, if a high-copy-number ERV that has diversified is being amplified, amplification may fail for some loci due to
primer mismatch, while the amplification of many loci at once will result in many polymorphisms at different positions in the
sequence. Cloning and sequencing of the PCR product would be needed to sequence distinct ERVs. To determine sequence diversity
comprehensively, high-throughput sequencing (HTS) methods must be used. (B) Hybridization capture. HTS libraries are built from
fragmented genomic DNA or cDNA. The sequencing platform employed is largely irrelevant if the correct sequencing platform
adaptors are used in building the libraries (and correct blocking oligonucleotides are used during capture). Baits for enriching the

(Continued on next page)
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Although sequencing costs continue to rapidly decline and bioinformatics pipelines
have been developed to assist in assembling genomes, the cost and analytical effort are
still beyond the ability of most individual laboratories. Thus, most of such available data
has been the by-product of sequencing projects, such as the Human Genome Project
or the Genome 10K Project (224).

High-throughput sequencing (HTS) demonstrated a great deal of KoRV variation and
variants that were not detectable using low-throughput approaches. For example,
Ávila-Arcos et al. (221) used 30 primer pairs spanning the KoRV envelope gene to
amplify the entire gene from 5 koala museum skins in a multiplex PCR by using a
protocol applied to sequencing of woolly mammoth mitochondrial DNA genomes (274,
275). The 30 primers were pooled into “odd” and “even” groups which did not overlap,
multiplex PCR was performed for 25 cycles, and then the individual PCR products were
amplified from the initial multiplex reaction mixture. The products were sequenced on
a Roche 454 platform. This resulted in full coverage of the envelope gene and the
identification of several novel KoRV polymorphisms spanning a 120-year span. Al-
though a multiplex approach allows for the determination of more sequence from a
limited amount of material, it suffers from the same drawbacks as those of individual
pan-retroviral PCRs, including the inability to place polymorphisms in phase if they do
not occur within the single sequenced PCR amplicon. Nonetheless, the results did
indicate that while KoRV is not unusually diverse among individual proviral sequences,
at least for full-length KoRV-A envelope-containing sequences, there is variability not
observed in the original PCR-based approaches for determining the genome sequence.

Target enrichment by HC. Both the host mitochondrial and non-ERV nuclear
genome sequences vastly outnumber any given ERV sequence. The use and drawbacks
of PCR to overcome this are discussed above. Recently, another approach has been
successful for post-DNA-extraction enrichment of viral sequences in a variety of con-
texts. Targeted-enrichment hybridization capture (HC) followed by HTS was developed
to isolate and characterize specific genetic regions from genomic DNA (276–278). It was
quickly modified for use in fields as diverse as biomedicine and ancient DNA (279). The
first application of HC to virology was the examination of integration sites of the Merkel
cell polyomavirus from formalin-fixed tissues (280), which provided an unprecedented
level of sequence coverage for the 5.3-kb genome of this virus and identified most, but
not all, of the 5= and 3= viral integration sites. Using similar methods on DNA extracts
from museum skins (219) and a modern zoo koala DNA extract, the full proviral
genomes of KoRV for 7 koalas were determined. Coverage depth for each koala sample
was high, revealing substantial KoRV-A diversity not detected using the multiplex PCR
approach employed previously. In addition to the full KoRV genomes, 429 5= integra-
tion sites and 331 3= integration sites were also captured and sequenced. This occurred
even though the flanking regions were not part of the bait used to target KoRV. The
explanation turned out to be a phenomenon, designated “capturing flanking se-
quences” (CapFlank), by which target library molecules bound to immobilized baits
draw additional molecules to the bound bait-target molecule and generate concate-

FIG A1 Legend (Continued)
target sequence of interest can be generated by PCR, generally involving large amplicons (depending on the target) and fragmenting
them to avoid having baits that are much larger than target library molecules (300). Alternatively, the baits can be synthesized much
like the synthesis of PCR primers and can be made of DNA or RNA. Recently, entire genomes have been used to enrich highly
contaminated samples for genomic DNA, for example, using elephant DNA to enrich woolly mammoth DNA from fossils (301). In some
cases, microarrays, such as virus microarrays, may be used as baits (302, 303). In the figure, solution-based hybridization capture is
shown. Regardless of strategy, the resulting captured library is massively enriched for target sequences of interest, while nontarget
sequences are washed away prior to HTS. In addition to target sequence enrichment, the sequences flanking the target will also be
captured as library sequences extending just beyond the end of the bait or even further are also captured by the annealing of
overlapping sequences, or “CapFlank” (219). (C) Additional methods for enriching ERV integration sites. By fragmenting genomic DNA,
circularizing the fragments in a ligation step, and then applying inverse PCR to the resulting circular DNA, one can extend known
sequences into flanking unknown sequences based on PCR primers anchored entirely within the known sequence (inverse PCR).
Linker-based approaches use a somewhat similar strategy; however, instead of using two primers based on a known sequence, a
known linker sequence is ligated to the ends of fragmented DNA, and one PCR primer is located on the linker sequence, extending
across the unknown sequence toward the other primer, which is based on the known sequence. Sequencing of the amplicons can
then be performed by low- or high-throughput methods.
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mers (219). Recently, HC was applied to determine the full-length GALV genomes for
the original GALV isolates (X, SEATO, Brain, SF, and WMV) (192). Similarly, a novel GALV
was identified by HC for a subspecies of Melomys burtoni from Indonesia and was
termed MelWMV (50). The virus was recalcitrant to PCR amplification but was easily
assembled by HC, using GALV and KoRV sequences as baits. As for KoRV subjected to
HC (219), the integration sites of MelWMV were also identified despite not being part
of the bait sequence (50). The general benefits of HC are as follows: entire viral
genomes can be determined in a single experiment; baits are inexpensive and easy to
make, particularly if they are PCR products; it is scalable such that, if libraries are
barcoded, dozens can be processed in an individual HC experiment; and HC tolerates
substantial mismatches between bait and target. Mismatches can be substantial and
still lead to successful capture. For example, in the work of Alfano et al. (50), species of
Mus negative for KoRV and GALV yielded coverage of viruses belonging to the sister
clade of this viral group, including MDEV, McERV, and MmERV, which are divergent
from KoRVs and GALVs. Therefore, little prior knowledge of the target viral sequence is
required to characterize novel sequences, but the specificity is high enough not to
overwhelm the output sequences with distantly related viruses; for example, MLVs from
Mus were not captured at high frequencies with the GALV and KoRV baits (50).

The utility of HC applies to characterization of integration sites as well. Integration
site analysis presents different challenges because the target is unknown. Thus, other
than certain types of sequencing, e.g., sequencing of bacterial artificial chromosome
(BAC) clones or PacBio sequencing of long fragments, methods must rely on anchoring
strategies based on the viral sequence, notably the LTRs. Inverse PCR is a common
strategy for identifying integration sites and is particularly suitable in cases where the
DNA quality is high and the ERV copy number is low (281). Other methods that have
been applied to ERV integration site characterization have been rapid amplification of
cDNA ends (RACE), ligation-mediated PCR, linker selection-mediated PCR, linear
amplification-mediated PCR, and genome walking (282–286). Each of these methods
depends on using a known sequence, such as the LTR, to prime an extension or a PCR
into the unknown flanking sequence and adding a reverse sequence, such as ligation
of a linker sequence, which makes it possible to amplify across the unknown sequence
by using the known anchor sequence. Recently, three methods for identifying KoRV
integration sites from museum samples were compared that could, in principle, be
applied to modern DNA as well. HC, primer extension capture (PEC), and single primer
extension (SPEX) were compared based on their performances in identifying KoRV
integration sites (220). HC methods performed best in retrieving integration sites.
However, despite the better performance of the capture-based approaches, none
comprehensively retrieved all integration sites, as suggested by the uneven number of
total 5= and 3= flanking sites retrieved, which should, in principle, be the same if all
KoRVs had been identified. The samples tested were museum specimens, and it is
possible that modern DNA may perform better in terms of comprehensive analysis
using capture-based approaches.

Bioinformatics methodology. Sifting through complex HTS data also presents
challenges. Mapping of HTS reads to a reference genome is reasonably straightfor-
ward. However, identification of polymorphisms can be challenging if DNA damage
or sequencing errors are present (287). However, polymorphisms have been con-
firmed by examining historical DNA-specific nucleotide misincorporation patterns
(287), and statistical modeling of the patterns has been applied by using bioinfor-
matics tools to compute and identify the misincorporation patterns from HTS reads
(288, 289). In some instances of using a bait to capture divergent ERVs, the presence
of nonhomologous regions may yield a sequence with substantial numbers of gaps.
One approach that has been applied successfully is to use an iterative baiting and
mapping approach called Mitobim (290). In effect, if a sequence read maps to a
given reference, the algorithm identifies sequences that partially overlap the
mapped sequence and extend it in both directions. The more extended the reads,
the longer is the consensus sequence that is built. While originally applied to
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mapping mitochondrial DNA genomes, the method was shown to be useful for
extending divergent foamy virus-related ERVs from modern and extinct sloths (291).
The resulting extended consensus sequences allowed for the reconstruction of
divergent mitochondrial and ERV sequences from samples of highly variable quality
and average library sequence length, with the ancient DNA samples having very
short library inserts.

Integration site analysis is also quite challenging. This is facilitated if a reference
genome has an ERV on one of the chromosomes but retains the proviral sequence in
the other chromosome, in which the 5= and 3= integration sites will be adjacent to one
another. A variety of bioinformatics packages exist for mapping retroviral integrations
if a reference sequence is available, using different algorithms. For example, SLOPE,
VirusFinder, and VirusSeq have all been applied successfully (280, 292, 293). Lack of a
quality reference genome sequence is a serious impediment to identifying integration
sites. For example, koala sequences queried against wallaby sequences often show a
very poor match (219). Cui et al. and Ishida et al. (220, 294) attempted to overcome
these problems by using a sequence clustering approach for defining integration sites
independent of a reference sequence (220). Sequences were first identified that con-
tained both the host genome flanking the ERV and the viral LTR. Sequences were then
trimmed to remove the LTR to avoid clustering based on the identity of the LTR. The
LTR-less host genome sequences were clustered, and consensus sequences were
determined separately for the 5= and 3= integrations. By mapping to the wallaby or
koala genome, the matching 5= and 3= flanks at a single proviral locus were detected
in many cases. Similar methods have been applied to viral integrations in carnivores
(12, 295).
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